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Abstract:
Many peroxisomal proteins act in β-oxidation processes on a range of substrates.
It is unclear how these proteins are coordinated to determine the flux of peroxisomal
processes and meet the requirements for plant growth and development. Using mutant
analysis and metabolic profiling, I examined proteins predicted to act in fatty acid and
indole-butyric-acid (IBA) β-oxidation.
ECH2 confers enoyl-CoA hydratase activity for the auxiliary β-oxidation of fatty
acids with an even cis-unsaturated bond. ECH2 was suggested to function in IBA βoxidation, as ech2 seedlings have altered IBA response. ech2 seedlings have reduced root
length and cotyledon area. ech2 seedlings accumulate 3-hydroxyoctenoate (C8:1-OH)
and 3-hydroxyoctanoate (C8:0-OH), putative hydrolysis products of catabolic
intermediates for α-linolenic acid and linoleic acid, respectively. Wild-type seedlings
treated with 3-hydroxyoctanoate have ech2-like growth defects and altered IBA
responses. ech2 phenotypes are not rescued by sucrose or auxin, but are suppressed in
combination with core β-oxidation mutants mfp2 or ped1.Consistently, ech2 mfp2
seedlings accumulate less C8:1-OH and C8:0-OH. These results indicate that ech2
phenotypes require efficient upstream core β-oxidation. Our findings suggest low ECH2
activity results in metabolic alterations through a toxic effect of the accumulating
intermediates. These effects manifest in altered lipid metabolism, IBA responses, and
gene expression pathways with resulting disruptions to seedling growth and development.
Similarly, IBR3 and IBR1 are predicted to act at the oxidation step and
dehydrogenation step of IBA β-oxidation, respectively. Mutant complementation reveals
the requirement of the IBR3 FAD cofactor binding site and IBR1 catalytic triad for
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function. Transgenic plants co-overexpressing IBR1 and IBR3 display phenotypes
indicative of IBA catabolism, suggesting direct activities in IBA β-oxidation.
The importance of IBR10 as a Δ3, Δ2-enoyl-CoA isomerase in fatty acid
catabolism is revealed by analysis of ibr10 higher-order mutants. IBR10 was predicted to
have enoyl-CoA hydratase activity for IBA catabolism. However, this prediction is
contradictory to the ability of IBR10 with an altered key glutamate residue to rescue
ibr10. Involvement of multifunctional protein AIM1 in fatty acid and IBA β-oxidation
was reported; AIM1RNAi lines display altered IBA responses. Future studies will
determine the potential enoyl-CoA hydratase activity of AIM1 and/or IBR10 on IBACoA intermediates.

Li, Ying, 2019, UMSL, p. 4

Table of contents
Chapter 1: Introduction ..................................................................................................... 10
1.1 Peroxisomes ............................................................................................................ 10
1.1.1 Peroxisomes biogenesis and dynamics ................................................................ 10
1.1.2 Peroxisome function ......................................................................................... 12
1.1.3 Peroxisome degradation ................................................................................... 13
1.1.4 Regulation of peroxisomes size and distribution .............................................. 14
1.2 acyl-lipid metabolism during seedling early development ..................................... 15
1.2.1 TAG hydrolysis and FFA processing ............................................................... 15
1.2.2 Fatty acid core β-oxidation ............................................................................... 18
1.2.3 Bioassays for fatty acid catabolism defects ...................................................... 20
1.2.4 Auxiliary enzyme activities .............................................................................. 21
1.3 Auxin metabolism ................................................................................................... 23
1.3.1 Role of auxin in plant growth and development............................................... 23
1.3.2 Bioassays for auxin responses .......................................................................... 24
1.3.3 IAA signaling, transport and metabolism ......................................................... 24
1.3.4 IBA as a storage form of IAA .......................................................................... 25
1.3.5 IBA to IAA conversion..................................................................................... 26
1.4 Overview of study ................................................................................................... 30
Chapter 2: Materials and Methods .................................................................................... 33
2.1 Plant materials, mutant isolation and genotyping ................................................... 33
2.2 Plant growth and phenotypic assays ....................................................................... 41
2.2.1 Cotyledon area measurement............................................................................ 41
2.2.2 Sucrose dependence .......................................................................................... 41
2.2.3 Auxin effects on pavement cell expansion ....................................................... 42
2.2.4 Root hair length measurement .......................................................................... 42
2.2.5 IBA response .................................................................................................... 42
2.3 Confocal Microscopy .............................................................................................. 42
2.4 Fatty acid β-oxidation assay .................................................................................... 43
2.5 RNA Extraction and Expression Analysis .............................................................. 44
2.6 Free fatty acid feeding experiment .......................................................................... 44

Li, Ying, 2019, UMSL, p. 5

2.7 Lipid extraction ....................................................................................................... 45
2.8 Analysis of free fatty acid by ESI-MS and GC-MS ................................................ 45
2.9 Protein expression and purification ......................................................................... 46
2.9.1 IBR1, IBR10, and ECH2 protein expression in transgenic lines...................... 47
2.9.2 IBR1+IBR3 co-overexpression and IBR10+ECH2 co-overexpression in
transgenic lines .......................................................................................................... 47
2.9.3 Lateral root-specific expression of IBR3 .......................................................... 48
2.9.4 IBR1, IBR10, AIM1, and MFP2 expression and purification from E.coli....... 48
2.10 In vivo complementation ....................................................................................... 49
2.11 AIM1RNAi lines generation .................................................................................. 49
Chapter 3: Metabolic alterations in the enoyl-CoA hydratase 2 mutant disrupt
peroxisomal pathways in seedlings ................................................................................... 50
3.1 ech2 has altered seedling development, but normal adult growth .......................... 51
3.2 ech2 cotyledons have reduced pavement cell area and complexity ........................ 54
3.3 ech2 shows reduced fatty acid catabolism .............................................................. 58
3.4 Efficient fatty acid core β-oxidation and TAG hydrolysis are required for ech2
phenotypes ..................................................................................................................... 65
3.5 ech2 over-accumulates short-chain 3-hydroxy fatty acid ....................................... 72
3.6 Over-accumulated free fatty acids contribute to the growth defects of ech2 .......... 77
3.7 Wild-type seedlings treated with 3-hydroxyoctanoic acid phenocopy ech2 in many
different aspects............................................................................................................. 82
3.8 ech2 responds differently to treatments with unsaturated fatty acid depending on
bond position ................................................................................................................. 88
3.9 Discussion ............................................................................................................... 90
Chapter 4: Characterization of enzymes predicted to function in IBA to IAA conversion
......................................................................................................................................... 104
4.1 Expression and purification of IBR proteins from E.coli and Arabidopsis .......... 105
4.2 In vivo examination of protein activity revealed residues critical for the conversion
..................................................................................................................................... 106
4.2.1 Mutant complementation with altered IBR proteins display distinctive results
for predicted catalysis residues ................................................................................ 108
4.2.2 IBR10 with alteration on putative phosphorylation site Tyr213 was unable to
rescue IBA resistance of ibr10 ................................................................................ 110
4.2.3 Peroxisomal kinase mutants show normal IBA response ............................... 112
4.3 IBR10 has dual roles in both IBA to IAA conversion and fatty acid metabolism 115

Li, Ying, 2019, UMSL, p. 6

4.3.1 ibr10 displays reductions in fatty acid metabolism ........................................ 116
4.3.2 ibr10 enhances the defect of mfp2-2 on enoyl-CoA hydratase and 3hydroxyacyl-CoA dehydrogenase activities ............................................................ 118
4.3.3 ech2-1 enhances the reduction of ibr10-1 in fatty acid catabolism ................ 119
4.3.4 ibr10-1 mutation significantly reduces the accumulation of short chain hydroxy
fatty acid in ech2-1 .................................................................................................. 121
4.4 AIM1 is the only multifunctional protein acting in IBA to IAA conversion ........ 123
4.4.1 Combination mutants containing aim1 in Ws background and ibr mutants in
Col background have multiple defects in growth and development ....................... 125
4.4.2 aim1 mutants in Col background display similar phenotypes to aim1 mutants in
WS background ....................................................................................................... 126
4.4.3 AIM1RNAi lines have altered IBA response but normal adult morphology .. 127
4.5 Effects of constitutive expression and tissue-specific expression of IBR protein on
root architecture........................................................................................................... 132
4.6 Characterization of ibr3ibr1ibr10ech2ped1 reveals importance of IBA-derived IAA
in seeds development .................................................................................................. 137
4.7 Discussion ............................................................................................................. 139
Chapter 5: Discussion ..................................................................................................... 150

Li, Ying, 2019, UMSL, p. 7

Figures and Tables:

Figure 1-1. Peroxisomal β-oxidation of fatty acid and indole-butyric acid (IBA) ........... 17
Table 2-1. Crosses to generate higher-order mutants. ...................................................... 33
Table 2-2. Primer sequences. All sequences are written in the 5’ to 3’ direction. .......... 35
Table 2-3. Primers used for real-time PCR. ..................................................................... 37
Table 2-4. Primer for T-DNA lines. ................................................................................. 38
Table 2-5. Primer for mutant lines with single mutation or deletion. .............................. 38
Table 2-6. Primers used for cloning and downstream genotyping. .................................. 39
Table 2-7. PCR programs used for genotyping. .............................................................. 40
Table 2-8. PCR programs used for cloning. .................................................................... 40
Table 2-9. PCR programs used for qPCR. ....................................................................... 40
Figure 3-1. ech2 has altered seedling development, but normal adult growth. ................ 52
Figure 3-2. Dry seeds weight, and germination rate of ech2 seeds are comparable to Wt.
.......................................................................................................................................... 53
Figure 3-3. ech2 cotyledons have reduced pavement cell area and complexity, as well as
reduced ROP expression levels. ........................................................................................ 56
Figure 3-4. Auxin application is not able to improve pavement cell expansion in ech2
cotyledons. ....................................................................................................................... 57
Figure 3-5. ech2 displays better seedling growth on sucrose-containing medium than on
medium with no sucrose. .................................................................................................. 59
Figure 3-6. ech2 shows similar elongation reductions in dark-grown hypocotyl regardless
of the absence or presence of sucrose. ............................................................................. 60
Figure 3-7. ech2 has reduced oil body mobilization and enlarged peroxisomes. ............. 62
Figure 3-8. Enoyl-CoA hydratase activity on acyl-CoA oxidase product is disrupted in
ech2 seedlings. ................................................................................................................. 64
Figure 3-9. ibr higher-order mutants containing ech2 have small cotyledons and short
roots similar to ech2. ........................................................................................................ 66
Figure 3-10. Either mfp2 or ped1 can suppress the deficiency of ech2 in cell expansion.
........................................................................................................................................... 67

Li, Ying, 2019, UMSL, p. 8

Figure 3-11. Either mfp2 or ped1 can suppress the defects of ech2 in cotyledon
development regardless of the conversion levels of IBA to IAA. ................................... 68
Figure 3-12. mfp2 suppresses the deficiency of ech2 in IBA to IAA conversion. .......... 70
Figure 3-13. Efficient TAG hydrolysis and fatty acid core β-oxidation are required for
ech2 phenotypes. .............................................................................................................. 71
Figure 3-14. ech2 over-accumulates short-chain 3-hydroxy fatty acids. ......................... 74
Figure 3-15. GC-MS is used to confirm the identification of the unique peak in ech2
samples. ............................................................................................................................. 75
Figure 3-16. C8:1 hydroxyl fatty acid (m/z=-157) and C8:0 hydroxyl fatty acid (m/z=159) are not accumulated in rosette leaves. ...................................................................... 76
Figure 3-17. lacs6 lacs7 enhances the ech2 seedling growth defects. ............................. 79
Table 3-1. FFA content of 3-d-old Wt, ech2, mfp2, ech2 mfp2, lacs6 lacs7, and ech2
lacs6 lacs7 seedlings. ....................................................................................................... 80
Figure 3-18. Fatty acid treatment inhibits seedling growth. ............................................ 81
Figure 3-19. 3-hydroxyoctanoic acid and 2-hydroxyoctanoic acid have distinct effects on
root and cotyledon development. ..................................................................................... 83
Figure 3-20. Cotyledons of 3-hydroxyoctanoic acid-treated seedlings have reduced
pavement cell area and complexity. ................................................................................. 84
Figure 3-21. 3-hydroxyoctanoic acid treatment affects peroxisome size and number. ... 86
Figure 3-22. Wild-type seedlings treated with 3-Hydroxyoctanoic acid have altered IBA
response similar to mock-treated ech2 seedlings. ............................................................ 87
Figure 3-23. ∆7-cis nonadecenoic acid treatment and ∆10-cis nonadecenoic acid
treatment inhibit root elongation of ech2 seedlings to different levels. ........................... 89
Figure 3-24. ech2 is rescued by ECH2. ........................................................................... 92
Figure 3-25. Auxin application is not able to restore the root hair elongation to ech2. .. 94
Figure 3-26. Schematic model of how low ECH2 activity alters metabolic pathways that
influence fatty acid catabolism and IBA to IAA conversion during seedling development
in Arabidopsis thaliana. ................................................................................................ 103
Figure 4-1. Expression and purification of IBR proteins from E.coli and Arabidopsis.
........................................................................................................................................ 107
Table 4-1. Site-directed mutagenesis for different residues of IBR1, IBR3, and IBR10.
........................................................................................................................................ 108

Li, Ying, 2019, UMSL, p. 9

Figure 4-2. In vivo complementation results of individual residues predicted to be critical
for catalysis. .................................................................................................................. 111
Figure 4-3. In vivo complementation results of individual residues predicted to be
phosphorylation sites. ................................................................................................... 113
Figure 4-4. Peroxisomal kinase mutants show normal IBA response and have no sucrose
dependence. ................................................................................................................... 114
Figure 4-5. ibr10-1 mutant disrupts fatty acid catabolism. ........................................... 117
Figure 4-6. ech2-1 enhances the reduction of ibr10-1 in fatty acid catabolism. .......... 120
Figure 4-7. ibr10-1 significantly reduces the accumulation of short-chain hydroxy fatty
acids in ech2-1. ............................................................................................................. 122
Figure 4-8. Combination mutants containing aim1 in Ws background and ibr mutants in
Col background have multiple defects in growth and development. ............................ 128
Figure 4-9. aim1 mutants in Col background display similar phenotypes to aim1 mutants
in Ws background. ........................................................................................................ 130
Figure 4-10. AIM1RNAi lines have altered IBA response but normal adult morphology.
........................................................................................................................................ 131
Figure 4-11. Transgenic plants overexpressing IBR3 have increased lateral root densities.
........................................................................................................................................ 134
Figure 4-12. Transgenic plants co-overexpressing IBR1 and IBR3 show normal gene
expression levels for other IBR proteins and MFP2. .................................................... 135
Figure 4-13. Lateral root-specific expression of IBR3 induces root branching. ........... 136
Figure 4-14. ibr3 ibr1 ibr10 ech2 ped1 mutant has embryonic development defects. . 138
Figure 4-15. A new hypothesis about functions of IBR10 in IBA to IAA conversion.
........................................................................................................................................ 145

Li, Ying, 2019, UMSL, p. 10

Chapter 1: Introduction
1.1 Peroxisomes
Metabolites are processed in various organelles to facilitate seed germination and
fuel seedling establishment before photosynthesis initiates. Specifically, peroxisomes are
organelles housing oxidative reactions, playing essential roles in multiple processes such
as fatty acid utilization and photorespiration (reviewed in (Kao et al. 2018)). Hydrogen
peroxide (H2O2) and other reactive oxygen species (ROS) generated by oxidative
reactions can be degraded by catalase, converted to water and oxygen. This ability of
peroxisomes enables protection of cellular components, including metabolites and other
organelles, from ROS toxicity (Queval and Noctor 2007).

1.1.1 Peroxisomes biogenesis and dynamics
Peroxisomes are small organelles with a diameter typically ranging from 0.1 to
1µm. They are present in almost all the eukaryotes. Peroxisomes are generated through
de novo biogenesis, budding from peroxisome-destined regions of endoplasmic reticulum
(ER); the functional pre-mature peroxisomes can elongate and divide by fission to
produce “daughter peroxisomes” (reviewed in (Hu et al. 2012)). Peroxin (PEX) proteins,
PEX3, PEX16, and PEX19, are essential for peroxisomes assembly and maintenance.
They function coordinately to facilitate the insertion of peroxisomal membrane proteins
(PMPS) to peroxisome-destined region of ER membranes, as well as the pre-mature and
mature peroxisomes, meeting the needs of peroxisome elongation and division (reviewed
in (Kao et al. 2018)).
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Peroxisomes are highly dynamic organelles. Through expressing GFP fused with
a peroxisomal targeting signal (PTS), peroxisomes can be visualized for morphology,
size, number, and movement by live-imaging. Peroxisomes adapt to environmental and
metabolic changes with morphological and metabolic alterations. Specifically,
peroxisome proliferation and movement are adjusted in response to various stresses,
including light, xenobiotics, ozone, and salinity; these adjustments are closely associated
with ROS production (Rodriguez-Serrano et al. 2016). Peroxisome proliferation involves
elongation, constriction, and fission (Baker and Paudyal, 2014). Peroxin 11 (PEX11a to
PEX11e), dynamin-like or dynamin-related proteins (DRP), and fission proteins form a
well-known machinery to regulate the process (reviewed in (Hu et al. 2012)). PEX11
binds to liposomes that contain peroxisome-like membrane lipid and induce tabulation.
Environmental cues that induce PEX11 expression can promote peroxisome elongation.
DRPs are GTPases that can enforce membrane fission through the conversion of GTP to
GDP by hydrolysis. Before that, DRPs are recruited to peroxisomes through interactions
with peroxisome-bound fission proteins.
Recent studies revealed the production of dynamic peroxisome extension
peroxules, which precedes peroxisome elongation. Peroxules formation can be induced
within seconds of H2O2 exposure and minutes of cadmium treatment (Sinclair et al. 2009;
Rodriguez-Serrano et al. 2009; Rodriguez-Serrano et al. 2016). The induction was
mediated by ROS generation, which promotes PEX11a and PEX11b expression and the
consequential peroxules formation (Rodriguez-Serrano et al. 2016). With the addition of
matrix proteins and membrane lipids to peroxules, peroxisomes elongate and proceed
through constriction and fission. Thus, peroxisome proliferation can be accelerated.
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1.1.2 Peroxisome function
Peroxisomes are of metabolic importance in terms of holding lipid metabolism,
photorespiration, hormone biosynthesis, and ROS decomposition. mobilization of storage
compounds, often seed oils, is required to provide both energy and building blocks.
Meanwhile, hormonal signaling is employed to direct the growth and define the
morphology of developing plants. Thus peroxisomal functions are critical for early
seedling development.
One of the key peroxisomal reactions is β-oxidation, which is comprised of
sequential reactions converting fatty acid and multiple hormone precursors to acetylCoAs and corresponding hormones, respectively. Acetyl-CoAs are converted to citrate
through citrate synthase and then enter the mitochondria tricarboxylic acid (TCA) cycle
and following electron transport chain to produce energy fueling seedling establishment.
β-oxidation of indole-3-butyric acid (IBA) produces indole-3-acetic acid (IAA) (Zolman
et al. 2000; Zolman et al. 2007; Zolman et al. 2008; Strader et al. 2011), one of the most
abundant and critical endogenous hormones in plants. Similarly, β-oxidation of 12-oxophytodienoic acid (OPDA) produces jasmonic acid (JA), which is important for
inflorescence development, wounding, and stress responses (Wasternack and Hause
2013). Peroxisomal benzoic acid generated by β-oxidation of cinnamic acid can be
exported to cytosol and function as a salicylic acid (SA) precursor (Van Moerkercke et al.
2009; Klempien et al. 2012; Qualley et al. 2012). In addition to being an important
defense signaling molecule, SA production through this pathway also promotes root
growth in rice seedling (Xu et al. 2017).
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Peroxisomes also contain unexpected functions. For instance, chloroplastproduced o-succinylbenzoate can be imported to peroxisomes and proceed through three
biosynthetic steps for vitamin K1 (phylloquinone), an essential carrier for electron
transfer in photosystem I (Fatihi et al. 2015). These three steps do not belong to βoxidation reactions and do not result in any ROS production (reviewed in (Reumann and
Bartel 2016)). The reason why the chloroplast-localized enzymes are evolutionally
translocated to peroxisomes is an open question. Moreover, through mutant analysis of
proteins required in lipid metabolism, peroxisomal function in stomatal opening was
revealed (McLachlan et al. 2016).

1.1.3 Peroxisome degradation
Turnover of damaged peroxisomes and peroxisomal proteins is mediated through
autophagy, or pexophagy (reviewed in (Young and Bartel 2016)). Autophagy-defective
mutants display no obvious aggregated peroxisomes under normal conditions. However,
when obsolete peroxisomes are required to be removed during specific developmental
stages or in response to abiotic stresses, aggregation can be observed. For instance,
aggregated peroxisomes were observed in autophagy-defective mutants after early
seedling development when the main function of peroxisomes shifts from reserve
compound degradation to photorespiration (Kim et al. 2013a; Yoshimoto et al. 2014).
Matrix protease LON2 also functions to degrade peroxisomal proteins. Notably, low
activity of LON2 leads to upregulated pexophagy, revealing an inhibition effect of LON2
on pexophagy (reviewed in (Kao et al. 2018)).
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1.1.4 Regulation of peroxisomes size and distribution
During the early development of Arabidopsis seedlings, peroxisomes have a
transient enlargement stage at around four days after germination, which coincides with
the stage when almost all the storage oil is remobilized (Rinaldi et al. 2016). Thus, the
enlargement might be due to the overwhelming contents of peroxisomal fatty acids and/or
intermediates. Degradation of these contents and reduction of enlarged peroxisome size
requires functional fatty acid β-oxidation and glyoxylate cycle. Multiple mutants
disrupting enzyme activities of β-oxidation show consistently enlarged peroxisomes,
even after the total remobilization of storage oil (reviewed in (Rinaldi et al. 2016)).
Mutants defective in importing fatty acid and Coenzyme-A (CoA), attachment of which
is required to activate fatty acid for degradation, also have enlarged peroxisomes
(reviewed in (Rinaldi et al. 2016)).
Compromised peroxisome division and degradation also affects peroxisome
morphologies. Mutants disrupted in factors of peroxisome division, including DRP3A,
PEX11c-e, and FIS1b, display enlarged peroxisomes with reduced number (Mano et al.
2004; Lingard et al. 2008; Zhang and Hu 2009).This phenotype indicates that
peroxisomes are stalled at the elongation stage, and not able to divide to “daughter
peroxisomes”. The same phenotype in lon2, mutant of peroxisomal protease, is
suppressed when autophagy is disrupted. Thus, the enlarged peroxisomes in lon2 are
likely intermediates of the enhanced autophagy, which is induced by lower peroxisomal
protease activity (Farmer et al. 2013; Kao et al. 2018).
Enlarged peroxisomes often occur with mislocalization of peroxisomal proteins to
the cytosol, especially in fatty acid β-oxidation mutants (reviewed in (Rinaldi et al.
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2016)). These matrix protein import defects might result from damage in peroxisomal
enzymes and co-factors induced by the toxicity effect of accumulated fatty acids (Rinaldi
et al. 2016)

1.2 acyl-lipid metabolism during seedling early development
Storage oil, in the form of triacylglycerol (TAG), is the major storage compound
in oilseed plants. In Arabidopsis, 35-40% of seed dry weight is comprised of oil (LiBeisson et al. 2010), which is packed in oil bodies. Oil bodies are synthesized from the
endoplasmic reticulum in embryonic cells and accumulate in dry seeds (Kim et al. 2013b).
Upon germination, storage lipids are quickly consumed to provide energy and metabolic
substrates for seedling development before photosynthesis initiates.

1.2.1 TAG hydrolysis and FFA processing
The consumption of oil bodies begins with the release of free fatty acids (FFAs)
via TAG hydrolysis by the lipase SDP1 (SUCROSE DEPENDENT1; (Eastmond 2006)).
Peroxisome membrane-localized SDP1 is delivered to oil body surface through
peroxisome extensions, and then hydrolyze TAG to free fatty acids and glycerol (ThazarPoulot et al. 2015). 98% of TAG is hydrolyzed during the first 5 days growth of seedlings.
However, only 20% of TAG was hydrolyzed in 5-day sdp1 mutant seedlings (Eastmond
2006). This 20% of TAG degradation was believed to be contributed by the hydrolysis
activity of SDP1-like protein, SDP1-LIKE (Quettier and Eastmond 2009). Released FFAs
are used either in membrane biogenesis or metabolized through β-oxidation in
peroxisomes.
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Peroxisomal catabolism of fatty acids requires import and activation of fatty acid
(Figure 1). Cytosolic fatty acids are attached with CoA via a two-step reaction requiring
ATP and CoA, during which fatty acids are converted to acyl-AMP and then react with
thiol group of CoA to produce acyl-CoA, AMP, and PPi (Groot et al. 1976). Fatty acylCoA esters are imported by the ATP-dependent transporter PXA1/CTS/PED3
(PEROXISOMAL ABC TRANSPORTER/COMATOSE /PEROXISOME DEFECTIVE),
which also possess ATPase activity and thioesterase activity. Thus, the import is coupled
with CoA-hydrolysis, releasing fatty acid and CoA to peroxisomes (De Marcos Lousa et
al. 2013; Footitt et al. 2002; Hayashi et al. 2002; Nyathi et al. 2010; Zolman et al. 2001b).
Inside the organelle, fatty acids are re-esterified with CoA by the peroxisomal long-chain
acyl-CoA synthetases (LACS), LACS6 and LACS7 (Fulda et al. 2004). LACS6 and
LACS7 functionally interact with PXA1/CTS/PED3, facilitating the subsequent
reactivation of fatty acid inside peroxisomes (De Marcos Lousa et al. 2013).
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1.2.2 Fatty acid core β-oxidation
The activated acyl-CoA is oxidized at its β-carbon by acyl-CoA oxidase (ACX1ACX6), followed by sequential hydration, dehydrogenation and thiolytic cleavage steps
catalyzed by multifunctional protein (MFP2 and AIM1) and 3-ketoacyl-CoA thiolase
(KAT1, KAT2/PED1 and KAT5), respectively (reviewed in (Kao et al. 2018)). These
four enzyme activities comprise fatty acid core β-oxidation (Figure 1A).
Acyl-CoA oxidases. Acyl-CoA oxidases act at the first oxidation step of fatty
acid β-oxidation spiral, which is also the rate-limiting step. FAD is a cofactor of ACXs,
which oxidize acyl-CoA to produce FADH2. FADH2 is oxidized, producing hydrogen
peroxide, the level of which can be used to determine enzymatic activity of ACXs in
different assays (Khan et al. 2012). In Arabidopsis, six ACXs have been identified with
four of them (ACX1, 2, 3, 4) characterized with overlapping but distinctive substrate
specificities (Graham 2008). These four ACXs showed a correlated transcriptional
induction with fatty acid degradation during early seedling development, consistent with
the requirement of energy for germination and seedling establishment (Rylott et al. 2001).
Multifunctional protein. MFP catalyzes two sequential steps in the fatty acid βoxidation spiral, hydration and dehydrogenation. Two MFPs are identified in Arabidopsis:
AIM1/MFP1 and MFP2. AIM1 is named according to the abnormal inflorescence
meristem phenotype of the aim1 mutant, which is distinctive among fatty acid βoxidation defective mutants. The molecular mechanism of the unique phenotype of aim1
is an open question. One hypothesis is that disrupted fatty acid β-oxidation processes are
unable to provide enough energy and reducing power specifically required during
reproductive development (Richmond and Bleecker 1999). Acyl-CoA feeding
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experiments using plant extracts or recombinant proteins showed that AIM1 and MFP2
possess similar dehydrogenase activities but differential hydratase specificities for AcylCoA substrates (Rylott et al. 2006; Arent et al. 2010). Moreover, aim1 specifically is
IBA-resistant and impaired in wound-induced formation of JA, suggesting the function of
AIM1 in IBA to IAA conversion and JA production (Zolman et al. 2000; Delker et al.
2007).
Ketoacyl-CoA thiolase. The last step of fatty acid β-oxidation is the release of
acetyl-CoA from 3-ketoacyl-CoA by 3-ketoacyl-CoA thiolase (KAT). In Arabidopsis,
three KAT proteins have been identified (KAT1, KAT2, and KAT5). KAT2, also named
peroxisome defective 1 (PED1), is highly expressed during seed germination and
regarded as the dominant one that functions in fatty acid β-oxidation. In contrast, KAT1 is
weakly expressed throughout the life cycle while KAT5 is mainly expressed in flower and
post-germination seedlings (Wiszniewski et al. 2012). Despite the limited assays due to
the absence of commercially available long chain substrates, KAT2 is regarded as a
thiolase with broad substrate specificity based on the accumulation of long-chain (C16 to
C20) fatty acyl-CoAs and significantly reduced activity for C4 acetoacetyl-CoA in kat2
seedlings (Germain et al. 2001). ped1-96, an allele of kat2, showed the most severely
impaired seedling establishment among fatty acid β-oxidation mutants, consistent with
the dominant function of KAT2 in fatty acid β-oxidation (Lingard and Bartel 2009).
ped1-96 also showed strong IBA resistance, indicating the function of KAT2 in IBA to
IAA conversion (Lingard and Bartel 2009). Similarly, function of KAT2 in JA
production was indicated based on the reduced accumulation of JA in wounded plant
tissues of kat2 (Afitlhile et al. 2005).
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Overall, the acyl-CoA chain is shortened by two carbons during each round of βoxidation. The two carbons are released as acetyl-CoA, which can be condensed to 4carbon compounds via the peroxisomal glyoxylate cycle. These compounds can be used
as carbon skeletons, as well as the precursor of hexose and sucrose (with the integration
of cytosolic and mitochondrial metabolism) to support cell wall biosynthesis and fuel
seedling growth (reviewed in (Böttcher and Pollmann 2009; Graham 2008)).

1.2.3 Bioassays for fatty acid catabolism defects
Mutants defective in fatty acid β-oxidation enzymes result in developmental
abnormalities or growth retardation. Mutants with strong defects have arrested seedling
establishment, while partial loss-of-function lines have short roots and hypocotyls; these
phenotypes can be rescued by application of sucrose as an exogenous carbon source,
which precludes the need for β-oxidation metabolites (Hu et al. 2012). This phenotype is
defined as a “sucrose dependent/rescue phenotype” (Hayashi et al. 1998; Kurata and
Yamamoto 1998).
Sucrose dependent phenotype indicates reductions in fatty acid metabolism. The
assay is normally performed by examining the hypocotyl elongation of seedlings grown
on media without sucrose and with sucrose under darkness. Theoretically, the ratio of
hypocotyl length of seedlings grown on media with sucrose to that of seedlings grown on
media without sucrose is correlated to the level of reduction in fatty acid metabolism.
Thus, the ratio can be used as an indicator for the level of sucrose dependence and the
underlying reductions in fatty acid catabolism.
Since fatty acids are released from TAG of oil body and get catabolized in
peroxisomes, their catabolism levels directly affect oil body remobilization and
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peroxisome morphology. Mutants defective in either TAG hydrolysis or fatty acid βoxidation, such as sdp1, mfp2, and ped1, often display clustered oil bodies around
enlarged peroxisomes (Thazar-Poulot et al. 2015; Rinaldi et al. 2016) . The associated
assays involve live-imaging of oil bodies and peroxisomes through fluorescence staining
and expression of peroxisomal-targeting GFP, respectively. To examine changes in oil
body and peroxisome dynamics, assays are normally performed for three or four days in a
row.

1.2.4 Auxiliary enzyme activities
Saturated fatty acids are catabolized through the core β-oxidation spiral after CoA
attachment. Notably, a large proportion of fatty acids in seed storage oils are unsaturated,
which require additional auxiliary peroxisomal activities for degradation. For example,
Figure 1B shows the complete degradation of petroselinic acid (C18:1Δ6cis), a fatty acid
with 18 carbons and one double bond in the cis-configuration at an even-numbered (Δ6)
carbon. Following core β-oxidation, degradation can occur via one of two auxiliary
pathways: the reductase/isomerase pathway and the hydratase/epimerase pathway
(reviewed in (Graham 2008)). For the reductase/isomerase pathway, 2, 4-dienoyl-CoA
reductase (DECR) activity has been detected in Arabidopsis and a putative gene
DECR/SDRB was identified (Reumann et al. 2007). Three Arabidopsis genes were
identified to encode Δ3, Δ2-enoyl-CoA isomerases (AtECI1-3), whose activities were
characterized when expressed heterologously in yeast (Goepfert et al. 2008). The
alternative hydratase/epimerase pathway requires a 3-hydroxyacyl-CoA epimerase and
two stereo-specific enoyl-CoA hydratases. The 3-hydroxyacyl-CoA epimerase activity
was characterized initially in cucumber (Preisig-Muller et al. 1994) and may be
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completed by one of the multifunctional enzymes in other plants (Graham 2008). MFP2
and ECH2 confer the stereo-specific enoyl-CoA hydratase 1 and 2 activity, respectively.
Analysis of the carbon flux in the β-oxidation pathway of AtECH2 RNAi lines suggested
ECH2 converts 3R-hydroxyacyl-CoA intermediate to the core β-oxidation intermediate
3S-hydroxyacyl-CoA (Goepfert et al. 2006).
Figure 1C shows the complete degradation of oleic acid (C18:1Δ9cis), a fatty acid
with 18 carbons and one double bond in the cis-configuration at an odd-numbered (Δ9)
carbon. Following core β-oxidation, 2-trans-5-cis-dienoyl-CoA is catabolized through
sequential auxiliary enzyme activities, and the produced 2-trans-enoyl-CoA returns to the
core β-oxidation spiral for complete degradation (Li-Beisson et al. 2013). Among the
required auxiliary enzyme activities, Δ3,5, Δ2,4-dienoyl-CoA isomerase (DCI) activity is
critical (Graham 2008). In Arabidopsis, the gene encoding AtDCI1 has been identified.
AtDCI1 has a C-terminal peroxisome targeting sequence and displays Δ3,5, Δ2,4dienoyl-CoA isomerase activity in vitro and in vivo (Goepfert et al. 2005).
Auxiliary enzyme activities for degradation of unsaturated fatty acid are distinct
between plants and other organisms, including bacteria and mammals. For instance, both
hydratase/epimerase pathway and the alterative reductase/isomerase pathway are
demonstrated to contribute significantly to the degradation of cis even-numbered fatty
acid in plants (Allenbach and Poirier 2000). However, the reductase/isomerase pathway
is dominant for degradation of these fatty acids in bacteria and mammals (Yang et al.
1986; You et al. 1989). In addition, the Δ3,5, Δ2,4-dienoyl-CoA isomerase (DCI) activity
is essential for degradation of cis odd-numbered fatty acid in plants, but not in bacteria or
mammals (reviewed in Graham 2008). Thus, mutant isolation and analysis are necessary
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to elucidate the biological importance of auxiliary enzyme activities in different
organisms.

1.3 Auxin metabolism
Peroxisomes are also involved in auxin metabolism through β-oxidation of IBA to
IAA. IBA-derived IAA works as a signaling molecule to direct cell division and
elongation, playing an import role in various aspects of seedling development, including
seed germination, root branching, and cotyledon expansion (Spiess et al. 2014; Strader et
al. 2010).

1.3.1 Role of auxin in plant growth and development
The discovery of auxin resulted from the famous experiment done by Darwin in
1880, in which he found that the tropic growth of plants towards light was regulated by
auxin, described as a “transmittable factor” in his book The power of movement in plants
(1880). Advances in auxin research have been achieved by the development of new
technologies and the establishment of Arabidopsis thaliana as a model organism (Abel
and Theologis 2010). To date, auxin has been identified as a critical player modulating
almost every aspect of plant growth and development, including embryo development,
shoot apex architecture, root development, tropisms and reproductive organ patterning
(Zhao 2010). Indole-3-acetic acid (IAA), the most abundant endogenous auxin, has been
extensively studied in all the modulations described above.
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1.3.2 Bioassays for auxin responses
For Arabidopsis, one of the widely used assays for auxin responses is to examine
root development of seedlings grown on media supplemented with auxin, which is called
a light-grown root elongation assay. Auxin largely influences plant root architecture.
Specifically, auxin can inhibit primary root elongation, as well as induce lateral root
formation. Accordingly, auxin resistant mutants can be isolated based on their long root
length and few lateral roots in response to applied auxin.
Another widely used assay is a dark-grown hypocotyl assay, which was developed based
on the similar effect of auxin in hypocotyl elongation. That is, in dark-grown wild type
(WT) seedlings, hypocotyl elongation is inhibited when supplied with exogenous auxin.
Thus, auxin resistant mutants can be isolated based on their long hypocotyls on an
inhibitory auxin concentration. In the last two decades, many auxin resistant mutants
have been identified through these two assays in Arabidopsis (Woodward and Bartel
2005b). Characterization of these mutants has significantly improved our understanding
of how auxin works.

1.3.3 IAA signaling, transport and metabolism
The regulation of IAA on plant growth and morphogenesis is accomplished
through the synergism of three processes: IAA signaling, transport, and metabolism.
Overall, IAA transport and metabolism result in different IAA levels, which regulate IAA
available for signaling to produce IAA responses. IAA signaling involves auxin
perception and ensuing transcriptional responses. The discovery of TIR1/AFB auxin
receptor family was a big step forward in our understanding of IAA signaling (Tan et al.
2007). IAA transport delivers IAA from the local biosynthetic sites to perception

Li, Ying, 2019, UMSL, p. 25

positions, which is largely dependent on long-distance transport through phloem sap and
cell-to-cell diffusion.
IAA metabolism covers IAA biosynthesis, conjugation, methylation and
degradation (Spiess et al. 2014). IAA biosynthesis includes de novo biosynthesis and
releasing free IAA from storage forms, such as IAA conjugates and IBA (Zolman et al.
2007; Zolman et al. 2008; Tam et al. 2000). The main function of IAA storage forms is to
maintain IAA homeostasis, which keeps the free IAA pool at an appropriate level to
coordinate IAA-modulated processes. Specifically, alterations in IAA conjugate
synthetases and hydrolases led to alterations in root and leaf morphogenesis, abiotic
stress tolerance and biotic interactions, all of which may be attributed to the altered IAA
level (Ludwig-Muller 2011). In addition to forming conjugates, IAA can be methylated to
form Methyl indole-3-acetic acid (MeIAA). Though suggested to be a less important
contributor, MeIAA is unique among the IAA inputs for being a non-polar modified
auxin (Li et al. 2008; Yang et al. 2008; Spiess et al. 2014). IAA is degraded via oxidation
to oxIAA, whose level is increased in Arabidopsis after application of exogenous IAA
(Ostin et al. 1998).

1.3.4 IBA as a storage form of IAA
IBA is a naturally occurring auxin. When supplied exogenously, IBA can induce
auxin responses similar to IAA. Compared with IAA, IBA is more stable and can
promote rooting more efficiently. Thus, IBA is widely used in horticulture and
agriculture (Ludwig-Müller 1994). Supplied with acetyl-CoA and ATP, IBA can be
produced from IAA by seedlings of maize (Ludwig-Müller and Hilgenberg 1995).
Labelled IBA was produced from Arabidopsis seedlings fed with labelled IAA (Ludwig-
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Müller 1994). IBA synthetase from maize has been partially purified and characterized
but the specific gene encoding the enzyme has not been determined (Ludwig-Müller and
Hilgenberg 1995).
Reversibly, IAA can be produced from IBA, which defines IBA as a storage form
of free IAA (Woodward and Bartel 2005b). Genetic evidence suggests that auxin activity
of IBA is a consequence of free IAA released from IBA, which is believed to be a
peroxisomal process (Zolman et al. 2008; Schlicht et al. 2013; Bartel et al. 2001).
Peroxisome biosynthesis mutants, including pex4, pex5, pex6 and pex7, are resistant to
IBA, indicating the requirement of peroxisome formation for IBA to IAA conversion
(Zolman et al. 2000; Zolman and Bartel 2004; Zolman et al. 2005). In addition, since IBA
is produced in ER membranes (Ludwig-Müller et al. 1995), ATP binding cassette (ABC)
transporter PEROXISOMAL ABC TRANSPORTER1 (PXA1) is required to transport
IBA into peroxisome (Zolman et al. 2001a). Besides IBA, active auxin responses are
observed in other IAA derivatives with even-numbered carbon side chains, which were
shortened in two-carbon increments by wheat and pea extracts (Fawcett et al. 1960). It is
similar to the fatty acid β-oxidation spiral, which is the peroxisomal process cutting twocarbons from the fatty acid side chain incrementally.

1.3.5 IBA to IAA conversion
In contrast to the established mechanism of fatty acid β-oxidation, enzymes acting
in IBA to IAA conversion are unknown. As mentioned above, several enzymes acting in
fatty acid β-oxidation have been implied to function in IBA to IAA conversion based on
the IBA resistant phenotype of mutants. However, these enzymes might affect the
conversion directly but could also indirectly through cofactor sequestration, accumulation
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of toxic intermediates or feedback inhibition. The possibility of unidentified enzymes
independently acting in IBA to IAA conversion cannot be ruled out. Thus, genetic
approaches have been performed in Arabidopsis and have identified numerous IBAresponse (ibr) mutants, which are resistant to the inhibition effect of IBA on root and
hypocotyl elongation but remain sensitive to that of IAA (reviewed in (Korasick et al.
2013)).
The ibr mutants are classified to two categories based on their sucrose
dependence. Several sucrose dependent mutants are defective in peroxisomal functions,
such as pex4, pex5, pex6, pex7 and pxa1 (Woodward and Bartel 2005a; Zolman and
Bartel 2004; Zolman et al. 2005; Zolman et al. 2001b; Zolman et al. 2000). Others are
involved in fatty acid β-oxidation processes, such as acx mutants and ped1 (Germain et al.
2001; Adham et al. 2005). ibr mutants without sucrose dependence might affect IBA to
IAA conversion directly and specifically. The sucrose-independent ibr mutants include
ibr1, ibr3, ibr10 and ech2 (Strader et al. 2011; Zolman et al. 2008; Zolman et al. 2007).
These mutants showed defective IBA responses without affecting other peroxisomal
pathways including fatty acid degradation and JA production ( Strader et al. 2011;
Zolman et al. 2008; Zolman et al. 2007). The corresponding proteins, IBR1, IBR3, IBR10
and ECH2, are likely acting in the same pathway as higher- order mutants showed similar
IBA response defects to the single ones (Strader and Bartel 2009). Based on the
enzymatic domains of IBR1, IBR3, IBR10 and ECH2, an IBA to IAA conversion
pathway paralleling fatty acid β-oxidation was proposed (Strader and Bartel 2009;
Zolman et al. 2000) (Figure 1A). Since no mutant showed specific defects in 3-ketoacyl-
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CoA thiolase of IBA to IAA conversion, PED1 was placed at this step in addition to the
sucrose dependence phenotype of ped1.
IBR3 is a predicted peroxisomal acyl-CoA dehydrogenase. Mapping of ibr3
alleles revealed IBR3 is At3g06810 (Zolman et al. 2007). At3g06810 encodes a protein
containing an N-terminal aminoglycoside phosphotransferase (APH) domain, a Cterminal acyl-CoA dehydrogenase (ACAD) domain and a C-terminal peroxisomal
targeting signal (PTS). APH domain-containing proteins in bacteria belong to the
aminoglycoside-modifying enzyme family, which mediates the aminoglycoside antibiotic
resistance of bacteria via enzymatic modification (Smith and Baker 2002). However, the
function of APH domain in plants is unknown. ACAD domain-containing proteins in
mammals are closely related to acyl-CoA oxidases. Both of them catalyze the
dehydrogenation of acyl-CoA to enoyl-CoA (Kim and Miura 2004). In Arabidopsis,
ACX4 shows more homology to ACAD enzymes than ACX enzymes. However, it has
been tested and shown to be an enzyme with ACX activity (Graham 2008). Thus, even
though IBR3 has higher homology to ACAD enzymes, combined with its peroxisomal
localization and the IBA-specific resistance of ibr3, IBR3 has been hypothesized to be an
oxidase enzyme responsible for the dehydrogenation of IBA-CoA (Zolman et al. 2007).
IBR10 is a predicted enoyl-CoA hydratase; IBR1 is a predicted short-chain
dehydrogenase/reductase. Mapping of ibr10-1 and ibr1 alleles revealed IBR10 gene is
At4g14430 and IBR1 gene is At4g05530 (Zolman et al. 2008). At4g14430 encodes a
protein containing an enoyl-CoA hydratase (ECH) domain, corresponding to the Nterminal crotonase-like domain of AIM1 and MFP2, which delivers the enoyl-CoA
hydratase activity in fatty acid β-oxidation. At4g05530 encodes a protein containing a
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short-chain dehydrogenase/reductase (SDR) domain, corresponding to the C-terminal 3hydroxyacyl-CoA dehydrogenase (3HCDH) domain of AIM1 and MFP2, which delivers
the 3-hydroxyacyl-CoA dehydrogenase activity in fatty acid β-oxidation. In addition,
both IBR10 and IBR1 have a C-terminal PTS. Thus, IBR10 and IBR1 are proposed to act
at the enoyl-CoA hydration step and the following 3-hydroxyacyl-CoA dehydrogenation
step in β-oxidation of IBA to IAA conversion, respectively (Zolman et al. 2008). Notably,
based on the similarity between hydratases and hydrolases, IBR10 was also predicted to
act at the last IAA-CoA thioester hydrolysis step to release free IAA (Strader et al. 2011).
Importance of IBA to IAA conversion. The quadruple mutant
ibr1ibr3ibr10ech2 displayed strong defects in IBA responses along with remarkable
seedling developmental defects, such as decreased root hairs and lateral roots, small
cotyledons, reduced apical hook curvature and root meristem, consistent with the
decreased IAA levels in the mutant (Strader et al. 2011). Moreover, combination mutants
with defects in IAA-conjugate hydrolysis and ibr3 showed novel IAA-rescuable
germination defects, indicating IBA-derived IAA and IAA conjugate-derived IAA
contribute to seed germination in combination (Spiess et al. 2014). All these data indicate
the importance of IBA-derived IAA in the seedling establishment of Arabidopsis.
Specifically, the importance of IBA to IAA conversion in lateral root formation has been
exclusively studied. Naxillin has been identified as a non-auxin-like molecule that can
promote lateral roots formation with mild effects on primary root elongation inhibition.
Analysis on a naxillin resistant mutant nar1, an ibr3 allele, revealed that naxillin can
promote IBA to IAA conversion and consequently promote lateral root formation via
IBA-derived IAA (De Rybel et al. 2012). In addition, IBA to IAA conversion is
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indispensable for peroxisomal nitric oxide (NO) production, which is regarded as a signal
acting in downstream of IAA and IBA to promote lateral root formation (Schlicht et al.
2013).
A novel role of IBA to IAA conversion in defense against bacterial pathogens was
revealed by the enhanced susceptibility of transgenic plants overexpressing IBR3 to the
bacterium Pseudomonas syringae (Huang et al. 2013). Notably, transgenic plants
overexpressing an auxin biosynthesis gene also led to enhanced susceptibility to P.
syringae (Mutka et al. 2013). Thus, transgenic plants overexpressing IBR3 might increase
pathogen susceptibility through promoting IAA inputs.

1.4 Overview of study
The goal of this work is to investigate functions of peroxisomal enzymes acting in
acyl-lipid metabolism and IBA to IAA conversion through genetic and biochemical
strategies, and investigate how these two peroxisomal processes are coordinated to
regulate the early stages of seedling development. All the work is done in Arabidopsis
thaliana, the model organism that has multiple advantages for molecular studies, such as
short life cycle, relatively small and fully sequenced genome, and thousands of progeny
from each generation. Arabidopsis is also an oil seed plant; 35%-40% of seed dry weight
is comprised of oil (Li-Beisson et al. 2010). Thus, it provides convenience for the study
of oil break down and fatty acid catabolism during seedling development.
A previous study isolated an ech2 mutant displaying altered IBA response (Strader et al.
2011). ECH2 was then predicted to function IBA to IAA conversion through the enoylCoA hydratase activity. In chapter 3, I describe further characterization of this ech2
mutant in terms of seedling growth, especially the cotyledon pavement cell development.
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Despite the absence of sucrose dependence, ech2 seedling displayed retarded oil body
mobilization and enlarged peroxisomes in cotyledon pavement cells, suggesting
reductions in fatty acid metabolism. Originally, higher-order mutants containing ech2 and
mutant defective in fatty acid core β-oxidation were generated to test if there are
enhancements on the IBA response alteration of ech2. However, an opposite suppression
effect was observed, which raised doubts over the direct function of ECH2 in IBA to IAA
conversion. Notably, defects of ech2 in cotyledon pavement cell expansion were also
reduced in specific higher-order mutants. The hypothesis is ech2 affects IBA to IAA
conversion and cotyledon pavement cell expansion through accumulating ECH2 fatty
acid substrates or associated intermediates, production of which require fatty acid core βoxidation (Figure 1B). Thus, fatty acid profiling was performed on wild-type, ech2, mfp2,
and ech2mfp2 seedling samples through ESI-MS and GC-MS analysis. Compounds
accumulating in ech2 seedling samples were identified. To establish a causative
relationship between the accumulation and ech2 phenotypes, one of the compounds was
used to treat wild-type seedlings to see if an ech2-like seedling growth could be observed.
Results from chapter 3 provided genetic and biochemical evidence indicating that
ECH2 has no direct functions in IBA to IAA conversion. For other IBR proteins,
including IBR1, IBR3, IBR10, and AIM1, their functions in IBA to IAA conversion
remain to be elucidated, as discussed more in chapter 4. Recombinant proteins were
expressed and purified for future in vitro enzyme assays. Moreover, in vivo
complementation was used to test the requirement of individual domains for protein
activities in the conversion. Analysis on transgenic plants continuously or tissuespecifically expressing IBR3, the key enzyme predicted to catalyze the rate-limiting step,

Li, Ying, 2019, UMSL, p. 32

was used to explore the importance of IBA-derived IAA in rooting. IBR10 has auxiliary
enzyme activities in fatty acid metabolism. Sucrose dependence assays were performed
on ibr10 single and higher-order mutants to investigate how low IBR10 activity affects
fatty acid metabolism. IBR10 is one of the AtECI proteins that function at the
reductase/isomerase pathway, an alternative to the ECH2-involved hydratase/epimerase
pathway, to catabolize fatty acid with an even cis-double bond (Figure 1B). Thus, I
generated ibr10ech2 double mutants and performed mutant analysis and fatty acid
profiling to determine how the combined defects disrupt fatty acid metabolism.
In addition to the known function in fatty acid catabolism, AIM1 is also involved
in β-oxidation processes for producing signaling molecules, including IAA, JA, and SA.
The severe abnormal inflorescence development of aim1 mutant raises challenges for
AIM1 study (Richmond and Bleecker 1999). In this work, I ordered multiple aim1 TDNA lines. Mutant analysis revealed similar inflorescence abnormities. Thus,
AIM1RNAi lines with reduced AIM1 expression levels were generated to further explore
AIM1 functions in IBA to IAA conversion.
Fatty acid catabolism and IBA to IAA conversion largely affect the early stage of
seedling development. This study will help to understand functions of individual enzymes
in these peroxisomal processes, and how defects of one peroxisomal process affect other
peroxisomal processes during seedling development. Ultimately, we will gain more
insight in peroxisome functions and seedling development.
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Chapter 2: Materials and Methods
2.1 Plant materials, mutant isolation and genotyping
Arabidopsis thaliana accession Columbia (Col) and Wassilewskija (Ws) were
used in these studies. Mutants used in the study include insertion mutants (T-DNA Salk
lines), EMS-based point mutants, and an in frame deletion mutant. The only mutant in
Ws background is aim1 (CS2105653, (Richmond and Bleecker 1999)). acx3-6
(SALK_044956, (Adham et al. 2005)) , mfp2-2 (SALK_098016C, (Rylott et al. 2006)),
aim1-1 (SALK_023469, (Richmond and Bleecker 1999)), sdp1 (SALK_102887,
(Eastmond 2006; Thazar-Poulot et al. 2015)), lacs6 (Salk_069510C), and lacs7
(Salk_146444) were obtained from the Arabidopsis Biological Resource Center (ABRC)
at Ohio State University. ibr1-2, ibr3-1, ech2-1, and ped1-96 are EMS-based point
mutations that have been described previously (Lingard and Bartel 2009; Zolman et al.
2008; Zolman et al. 2007; Zolman et al. 2000). ibr10-1 contains a large in frame deletion
in At4g14430 (Zolman et al. 2008).
All mutants were backcrossed at least once prior to any analyses. Mutants were
crossed to generate higher-order mutants for assays (Table 2-1). A p35S: PTS2-GFP
(Woodward and Bartel 2005a) wild-type line was crossed into mutant lines to examine
peroxisome morphology.
Table 2-1. Crosses to generate higher-order mutants.
Crosses
ech2-1 X ibr1-2
ech2-1 X ibr3-1
ech2-1 X ibr10-1
ech2-1 X acx3-6
ech2-1 X aim1-1

Mutants
ech2-1ibr1-2
ech2-1ibr3-1
ech2-1ibr10-1
ech2-1acx3-6
ech2-1aim1-1
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ech2-1 X mfp2-2
ech2-1 X ped1-96
ech2-1 X pxa1-1
ech2-1 X lacs6lacs7
ech2-1 X sdp1-4
ibr1-2ibr10-1 X ech2-1
ibr1-2 X mfp2-2
ibr10-1 X mfp2-2
ped1-96 X mfp2-2
ibr1-2ibr10-1 X mfp2-2
ibr1-2ech2-1 X mfp2-2
ibr10-1ech2-1 X mfp2-2
ibr1-2ibr10-1ech2-1 X mfp2-2
ped1-96 X ibr1-2ibr3-1ibr10-1ech2-1
ibr1-2 (Col)
ibr3-1 (Col)
ibr10-1 (Col)
aim1(Ws)X ibr1-2ibr10-1 (Col)

ech2-1mfp2-2
ech2-1ped1-96
ech2-1pxa1-1
ech2-1lacs6lacs7
ech2-1sdp1
ibr1-2ibr10-1ech2-1
ibr1-2mfp2-2
ibr10-1mfp2-2
ped1-96mfp2-2
ibr1-2ibr10-1mfp2-2
ibr1-2ech2-1mfp2-2
ibr10-1ech2-1mfp2-2
ibr1-2ibr10-1ech2-1 mfp2-2
ibr1-2ibr3-1ibr10-1ech2-1ped1-96
aim1(Ws)ibr1-2 (Col)
aim1(Ws)ibr3-1 (Col)
aim1(Ws)ibr10-1 (Col)
aim1(Ws)ibr1-2ibr10-1 (Col)

Primers sequences for genotyping and cloning are given in Table 2-2. Primer
sequences used for qPCR analysis were designed using QuantPrime (www.quantprime.de)
(Table 2-3). Insertion mutants were genotyped with T-DNA (LB1-Salk) and gene
specific primers (Table 2-4). Primers used for genotyping of point mutants and ibr10-1,
the deletion mutant, are listed in Table 2-5. For point mutants that change restriction
enzyme sites, PCR products were amplified with primers spanning the point mutation,
and then digested with corresponding restriction enzymes. Either wild type or mutant can
be digested and the difference between digestion products allows the detection of the
mutation. For point mutants that do not change restriction enzyme sites, genotyping were
performed with individual primer sets including a gene specific primer and a nearly
matched primer, which is designed using dCAPS Finder 2.0
(http://helix.wustl.edu/dcaps/). A new restriction enzyme site will be created either on
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wild-type product or point mutant PCR product. Similarly, detection of the mutation can
be performed by restriction enzyme digestion. For genotyping of ibr10-1, a 78bp
difference of PCR products size can be easily detected with primers spanning the deletion.
Table 2-2. Primer sequences. All sequences are written in the 5’ to 3’ direction.
Primer
TIJ24-1
TIJ24-11
TIJ24-8
TIJ24-12
F3E22-22
F3E22-29
F3E22-52
F3E22-53
ibr10-3
At4G14430-2
LB1-Salk
ped1-20
ped1-22
ECH2-1
ECH2-2
ECH2-3
35S-F3
T5J17-24
T5J17-25
ACX3-3
ACX3-4
MFP2-3
MFP2-5
LACS6-1
LACS6-4
LACS7-3
LACS7-5
sdp1-1
sdp1-2
GFP-R1

Description
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Salk Primer
Forward
Reverse
Forward
Reverse
Reverse
Forward
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Reverse

IBR1S146A-F

Forward

Sequence
CGCAACTCACTTTCATCGCTTAGAG
TGAAAGTGAGAGATGGTGAAACCTGT
GAAGCTTTACCTGCAGGAGAAGTATA
TAAGAGATGTCTTCTGTGTTTTTGGAC
ATGGTGCAGTCTTCCAGGGCCTAACC
GAGGATTCGAGATTGCTCAGGTAATA
CCAAAATGATTTTGCTTCTTCAAG
CTTATATGACGAGTTGTCCAATACAGTTA
ACCGGAGACGGCGAACACAGATTCC
TTCTAGAGTTTAACATTGTCTCTTTCT
CAAACCAGCGTGGACCGCTTGCTGCA
GTAACACCCATAGGAAGAAGCAGATT
GACATTGGTTAGTGAATAACCGTC
CTCATCGGAATCCACAGCATCTTG
GTTTTATTCACAGACGCGTTACACC
CGGGAAGCTTGTGAGCGAGAAGAAGATCAG
ATGACGCACAATCCCACTATCCTTCG
ATGGGAGTCACTTTCATAACCTCATCTCAA
CCATCAATCAGCCTTAGCTCCAAGGAATGG
GTCCTAGGGAGACAGAAAACAGTGTT
CATTAGCTGTAACAGAGAAGGCTCTTCTCG
GCGTTGCCGTCATAACACTC
GGAAGAGAATGATCTCCAGAAATACC
CTTGTCTTCTGATCGCAATCAGATAA
CAGCATGCCTACATAGACCCCAAGAACAG
GTACACGAGTTCGGTCCGATGGAACCATTG
GCATGATCCACAACCAACCACTCTGGTCTG
CATCTTCGAATCAATAATGGATATAAG
CCATTCTCAACTGAGTAGACACCTC
GTCCTCTCCTGCACGTATCCCTC
CTTCTGTTATCTTCATCACTGCTATTGCTGGA
TTTTCACCAC
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IBR1S146A-R

Reverse

IBR1Y159A-F

Forward

IBR1Y159A-R

Reverse

IBR1K163A-F

Forward

IBR1K163A-R
ECH2G213A-F
ECH2G213A-R

Reverse
Forward
Reverse

ECH2H213A-F

Forward

ECH2H213A-R
ECH2K287A(N
289K)-1
ECH2K287A(N
289K)-2

Reverse

IBR10E135A-F

Forward

IBR10E135A-R

Reverse

IBR10Y213A-F

Forward

Forward
Reverse

IBR10Y213A-R Reverse

GTGGTGAAAATCCAGCAATAGCAGTGATGAA
GATAACAGAAG
CACAAGGAGCTATGGCTATGGCCGGTGTCAC
TAAAACTGCTC
GAGCAGTTTTAGTGACACCGGCCATAGCCAT
AGCTCCTTGTG
GGCTATGTATGGTGTCACTGCAACTGCTCTTC
TCGGACTA
TAGTCCGAGAAGAGCAGTTGCAGTGACACCA
TACATAGCC
CCGAGTGTGCATAGCGCATGCAATATCGGGC
GCCCGATATTGCATGCGCTATGCACACTCGG
TTTTGCAAATTCTGGATCTGAAGCCAGAGGA
TTATAGTCACCAGAC
GTCTGGTGACTATAATCCTCTGGCTTCAGATC
CAGAATTTGCAAAA
GTTATATATCAGACGGCAGTTAAGGAAAGGA
ACAAAACTGTGTT
AACACAGTTTTGTTCCTTTCCTTAACTGCCGT
CTGATATATAAC
GGGTTCTGTATATGAGTGCAGTTGACATCGG
GCTTTC
GAAAGCCCGATGTCAACTGCACTCATATACA
GAACCC
GAAATGGAGCGGTGAGGTTGCTGCATCGATA
AGGAAGAGTTTG
CAAACTCTTCCTTATCGATGCAGCAACCTCAC
CGCTCCATTTC
ACGATGCAACTTGTGGCGCAGTCATAGCAAA
TCCA

IBR3E559A-F
IBR3E559A-R

Forward
Reverse

EXP14-HindIII
EXP14-Smal

Reverse
Forward

GLV2-HindIII

Forward

GLV2-Smal

Reverse

CGCCCCAAGCTTACGGTTGGTAAATGATTAA
ACGTTGG
CCTCCCCCGGGTAAGGTTAAAGGCGAAG
CGCCCCAAGCTTATAAAATCTTGTTTCATTTG
CCGAAAG
CCTCCCCCGGGTTTTGGAAGAGAGTTTTTTTT
CTTTGG

Aim1RNAi-1

Forward

GGAATTCCGATTGAAAACATTCAATTGAA

Aim1RNAi-2

Reverse

GGGGTACCGAGATCTGAACATGCGGTCA

LB1_Fedman
KTO-3
AIM1-1

T-DNA
pGEX
Forward

CAAACCAGCGTGGACCGCTTGCTGCA
CCACGTTTGGTGTGTGCGACC
CATGGCTCAATATACTTGTCGTTGTA

TGGATTTGCTATGACTGCGCCACAAGTTGCATCGT
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AIM1-2
aim1-14
aim1-15
aim1-20
aim1-23

Reverse
Forward
Reverse
Forward
Reverse

TTAGAAATGGTGATGACAGCAACACC
GAGACTCTTGTTTCTTGGCAGGGG
CCCATACCTCCAAAACCAGGAATC
GAAAACTTCTGCTTCCTGCGAATC
CGGATATGATACTGGTAAGGATGAC

Table 2-3. Primers used for real-time PCR.
Target gene
UBQ10
(At4g05320)
ROP2
(At1g20090)
ROP4
(At1g75840)
ROP6
(At1g10840)
RIC1
(AT2g33460)
RIC4
(AT5g16490)
AIM1
(AT4g29010)
MFP2
(AT3g06860)
IBR1
(AT4g05530)
IBR3
(AT3g06810)
IBR10
(AT4g14430)
ECH2
(AT1g76150)

Description
UBQ10-UP
UBQ10-DOWN
ROP2-QRT-F3
ROP2-QRT-R3
ROP4-QRT-F3
ROP4-QRT-R3
ROP6-QRT-F3
ROP6-QRT-R3
RIC1-QRT-F1

Sequence
TTGGAGGATGGCAGAACTCTTGCT
AGTTTTCCCAGTCAACGTCTTAACGA
GAATGTAGTTCAAAGACACAGCAGA
TGGCTGAAGCACCACTTTTA
ATCCTGGTGCAGTGCCTATT
TGCTTTCACATTCTGCTGAGTC
CTCGTTGGAACAAAGCTTGA
TTCTTCACCCTGAGCGGTAG
ACGCCGGATACAACCTTTGTGG

RIC1-QRT-R1

TCCATGCGTTCAAGGTTTACGG

RIC4-QRT-F1

TGGAGAGACTTGTGGTGCTTCC

RIC4-QRT-R1

TTCACGAATCACTTGACGAGAGTG

QRTAIM1-1

ATATCATGCCTGGTGGGAAGCC

QRTAIM1-2
QRTMFP2-1
QRTMFP2-2
QIBR1-1
QIBR1-2
IBR3-F1
IBR3-R1
QIBR10-1
QIBR10-2
ECH2-F1
ECH2-R1

AGGCTCGGATCACAACTCCTTC
ATGCCAATGGGTCCCTTCAGA
CGATAAACTGCGTTGCGGTTGC
ATCACCGGTAGCTCTGAAGTGAGG
ATGTCTCCCGTTGTTCCCAACC
TTCTCGCAATGGCCAAGGTTGC
GCTGCTCCATGAACTTGTATTGCC
ATTGTTGACTCGGCCGCGTAT
TCGCCGCCAATTTCTCACCAAG
TGGGCAGGATTTGATCCAGGTC
TGCTGCCCATGCAACAAGAGAC
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Table 2-4. Primer for T-DNA lines.
Mutant isolation
aim1-1 (Ws)
mfp2-2
acx3-6

Insertion Primers
aim1-1+ LB1_Fedman
MFP2-3+LB1-SALK
ACX3-4+LB1-SALK

lacs7
aim1 (Salk_091140)
aim1(Salk_023469)

Genomic primers
aim1-1+aim1-2
MFP2-3+MFP2-5
ACX3-3+ACX3-4
LACS6-1+LACS64
LACS7-3+LACS75
aim1-14+aim1-15
aim1-20+aim1-23

sdp1-4 (Salk_102887）

sdp1-1+sdp1-2

sdp1-1+LB1_SALK

lacs6

LACS6-4+LB1-SALK
LACS7-5+LB1-SALK
aim1-14+LB1_SALK
aim1-20+LB1_SALK

Table 2-5. Primer for mutant lines with single mutation or deletion.
Mutants

Primers set

Restriction enzyme

ibr1-1

T1J24-1+T1J24-11

Pst1

ibr1-2

T1J24-8+T1J24-12

Ddel

ibr3-1

F3E22-22+F3E22-29

Alu1

ibr3-15

F3E22-52+F3E22-53

XcmI

ibr10-1

ibr10-3+At4G14430-2

---

ech2-1

ECH2-1+ECH2-2

HinfI

ped1-96

ped1-17+ped1-22

HhaI

pxa1-1

T5J17-24+T5J17-25

Smli

Products
Wt: ~230bp;
Mutant:~205bp
Wt: ~150bp;
Mutant:~120bp
Wt: ~150bp;
Mutant:~175bp
Wt: ~215bp;
Mutant:~190bp
Wt: ~1000bp;
Mutant:~900bp
Wt: ~214bp;
Mutant:~243bp
Wt: ~250bp;
Mutant:~500bp
Wt: ~150bp;
Mutant:~180bp

Constructors and primers used for cloning are listed in Table 2-6. For genotyping
the transgenic lines, primer sets include a gene specific primer and a promoter specific
primer (Table 2-6).
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Table 2-6. Primers used for cloning and downstream genotyping.

Construct
35SpBarn MYCIBR1
35SpBarn IBR1 Ser146A
35SpBarn IBR1 Tyr159A
35SpBarn IBR1 Lys163A

35SpBarn IBR1 Ser146A
Tyr159ALys163A

Primer set for cloning
IBR1-F+IBR1-R
IBR1Ser146A-F+
IBR1Ser146A-R
IBR1Tyr159A-F+
IBR1Tyr159A-R
IBR1Lys163A-F+
IBR1Lys163A-R
IBR1Ser146A-F+
IBR1Ser146A-R
IBR1Tyr159ALys163-F+
IBR1Tyr159ALys163-R

35SpBarn GSTIBR10
35SpBarnGSTIBR10
E135A

IBR10-F+IBR10-R
IBR10E135AF+IBR10E135A-R
IBR10Y145A35SpBarnGSTIBR10Y145A F+IBR10Y145A-R
IBR10Y213A35SpBarnGSTIBR10Y213A F+IBR10Y213A-R
35SFlast ECH2
35SFlast ECH2K287A
35SFlast ECH2G231A
35SFlast ECH2H213A
35SpBarn IBR3 E559A
pEXP14::IBR3
pGLV2::IBR3
35SpEarlygate201
AIM1RNAi

ECH2-F+ECH2-R
ECH2K287A(N289K)-1+
ECH2K287A(N289K)-2
ECH2G231A-F+
ECH2G231A-R
ECH2H213A-F+
ECH2H213A-R
IBR3E559A-F+
IBR3E559A-R
EXP14-HindIII+EXP14Smal
GLV2-HindIII+GLV2Smal
Aim1RNAi-1+
Aim1RNAi-2

Primer set for
genotyping
35S-F3+T1J24-19
35S-F3+T1J24-19
35S-F3+T1J24-19
35S-F3+T1J24-19

35S-F3+T1J24-19
35S-F3+IBR10-2
35S-F3+IBR10-R
35S-F3+IBR10-R
35S-F3+IBR10-R
35S-F3+ECH2-1
35S-F3+ECH2-1
35S-F3+ECH2-1
35S-F3+ECH2-1
35S-F3+F3E22-27
EXP14-HindIII+ F3E2227
GLV2-HindIII+ F3E2227
35S-F3+ Aim1RNAi-2

Li, Ying, 2019, UMSL, p. 40

PCR programs used for genotyping, cloning, and real-time PCR are listed in
Table 2-7, 2-8, and 2-9, respectively.
Table 2-7. PCR programs used for genotyping
Number
Program
of cycles
SSLP
50-1
55-1

39
39
39

Denaturation
temp
time
(°C)
94
15 sec
94
15 sec
94
15 sec

Annealing
temp (°C)

time

temp (°C)

time

55
50
55

15 sec
30 sec
30 sec

72
72
72

30 sec
1 min
1 min

Table 2-8. PCR programs used for cloning
STEP

TEMP

TIME

Initial Denaturation

98°C

30 seconds

98°C

10 seconds

45-72°C

30 seconds

72°C

15-30 seconds per kb

72°C
4-10°C

10 minutes

35 Cycles

Final Extension
Hold

Table 2-9. PCR programs used for qPCR
Step
Initial
Denaturation

Temp

Time

95°C

10 min

95°C

15 sec

60°C

30 sec

40 Cycles
Melting Curve

Elongation

According to instrument guidelines

Li, Ying, 2019, UMSL, p. 41

2.2 Plant growth and phenotypic assays
Seeds were surface-sterilized and imbibed at 4°C in darkness for 3-4 days, and
then plated on plant nutrient (PN) medium (Haughn and Somerville 1986) solidified with
0.6% (w/v) agar. 0.5% (w/v) sucrose was added (PNS) when indicated. Plates were
incubated at 22°C in continuous light. Seedlings were used for phenotypic assays,
transferred to soil and grown at 18-22°C in long-day conditions (16 hours light, 8 hours
darkness).

2.2.1 Cotyledon area measurement
Seedlings were grown on PNS under white light for 7 d. Cotyledons were imaged
by confocal microscopy and the area was measured using NIH Image software
(https://imagej.nih.gov/ij/). Basically, outline of each cotyledon is marked with free hand
selections and stored at the RIO manager. By clicking Measure tool in the RIO manager,
areas of marked cotyledons are listed. To examine root elongation, seedlings were grown
for 7-9 d and removed from the agar to measure the primary root length.

2.2.2 Sucrose dependence
To examine the effect of sucrose on seedling establishment, seeds were plated on
PN or PNS medium for 7 d, and then the cotyledon area and root length were measured.
For dark grown seedlings, seeds were plated on PN or on PNS medium for 1 d under
white light, and then transferred to dark for an additional 5 days growth. Hypocotyl
lengths were measured.
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2.2.3 Auxin effects on pavement cell expansion
To examine the effect of auxin on cotyledon pavement cells expansion, surface
sterilized seeds were germinated in liquid half strength MS (Toshio and Folke 1962) with
mock or indicated concentration of Naphthalene-1-acetic acid (NAA; GoldBio, St. Louis,
MO) (Xu et al. 2010). Cotyledons were detached and pavement cells were imaged at 3d.

2.2.4 Root hair length measurement
To measure root hair length, seedlings were grown at 22°C in continuous light for
7 days on PNS or PNS with indicated concentration of auxin. When auxin was added,
plates were incubated under yellow filters to protect indolic compound from breakdown
(Stasinopoulos and Hangarter 1990). Seedlings were removed and immersed in 5%
glycerol. Root hairs were imaged using an EVOS Floid cell Imaging Station and
measured using NIH Image software.

2.2.5 IBA response
To examine IBA response, surface sterilized seeds were plated on PNS or PNS
with indicated concentrations of IBA (GoldBio, St. Louis, MO) for 1 d under light with
yellow filters, and then transferred to dark for an additional 5 days growth. Hypocotyl
lengths were measured.

2.3 Confocal Microscopy
Light-grown seedlings were submerged in propidium iodide solution (10 µg/mL
in water; Molecular Probes) for at least 10 min to label cell walls. Cotyledons were
placed in a glass bottom dish (50/40 mm, Warner instruments), and covered with a glass
coverslip. A metal ring was placed on top of the coverslip to flatten cotyledon samples.
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Adaxial cotyledon pavement cells were imaged using a Zeiss LSM 700 laser scanning
confocal microscope with a 20X or 63X lens. Area and circularity [4(area/perimeter2)] of
each cell were determined using NIH Image software. Number of lobes was
automatically counted by Lobefinder software (Wu et al. 2016) and the PaCeQuant
plugin in NIH Image software (Moller et al. 2017). Lobes were manually counted for
confirmation.
For Nile red Staining, seedlings were submerged in 5 μg/ml Nile red for at least
10 min. Cotyledon oil bodies were imaged under confocal microscope through a 63X oil
immersion lens. The same lens was used to detect GFP signals to image the peroxisomes
in seedlings with p35S: PTS2-GFP background. Samples was excited with a 488-nm
laser line and fluorescence emission was collected for best signals of indicated
fluorescent probs.

2.4 Fatty acid β-oxidation assay
After surface sterilization, seeds were plated on PNS medium covered with filter
paper. β-oxidation assays were performed according to (Rylott et al. 2006).Briefly, total
proteins were extracted and desalted by disposable PD MidiTrap G-10 columns (GE
Healthcare) using the centrifugation protocol. About 0.3 g 3-d-old seedlings were ground
within liquid nitrogen, followed by incubating with 1ml extraction buffer containing 150
mM Tricine/KOH pH 7.5, 1 mM EDTA and 0.5 M sucrose supplemented with 5%
protease inhibitor cocktail (Sigma-Aldrich) for 10min. Then the extracts were centrifuged
at 14000 rpm for 30 min, and the supernatant was desalted by disposable PD MidiTrap
G-10 columns (GE Healthcare) using the centrifuge protocols. Protein was quantified
with Bradford reagent (Sigma-Aldrich), and 250 μg of total protein were add in to
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reaction mix containing 175 mM Tris-HCl, pH 8.5, 50 μM FAD, 5.3 U peroxidase,5 μg
bovine serum albumin, 1 mM sodium azide, 750 μM NAD. Assays were initiated by
adding 100 μM acyl-CoA to bring up the total reaction volume to 1ml. The relative
abundance of acyl-CoA, enoyl-CoA, hydroxyacyl-CoA, ketoacyl-CoA in the β-oxidation
series were determined by an ESI-MS/MS based method adapted from (Rylott et al.
2006).

2.5 RNA Extraction and Expression Analysis
Seedlings or rosette leaves were collected at the indicated time and homogenized
in liquid nitrogen. RNA was extracted using the IBI Mini Total RNA Kit (Plant; MidSci).
Expression levels of genes of interest were determined and normalized to that of
Ubiquitin10 (At4G05320) with the BioRad CFX96 Real Time PCR System using
Bullseye EvaGreen qPCR Mix (MidSci). No reverse transcriptase and no cDNA reactions
were used as negative controls. Primers for each gene are listed in Supplemental table S2.
Experiments were performed with both biological and technical triplicates.

2.6 Free fatty acid feeding experiment
Surface-sterilized seeds were placed at 4°C for 72 h, and then transferred to liquid
PN containing 0.5% sucrose, 2% pluronic-127 (Millipore Sigma), and fatty acid with
indicated concentration. α-linolenic acid (C18:3), linoleic acid (C18:2), oleic acid (C18:1),
and 2-hydroxyoctanoic acid were purchased from Millipore Sigma; 3-hydroxyoctanoic
acid was purchased from Matreya LLC (www.Matreya.com). Constant light and agitation
(70 rpm) were applied. In this work, 4-d-old seedlings were used to examine peroxisomes
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morphology. 5-d-old seedlings were used to examine cotyledon and root development. 6d-old seedlings were used to examine IBA response.

2.7 Lipid extraction
Total lipid extraction was performed according to method of Liu, Y. and Wang, X.
(2016). Briefly, for each seedlings sample, about 200 3-d-old seedlings were harvested
and soaked in 2ml preheated isopropanol (75 °C with 0.01% BHT). For each rosette
leaves sample, 3~5 rosette leaves were used. Samples were then incubated in 75 °C water
bath for at least 15 min. 1 ml chloroform and 0.4 ml water were added to cooled samples.
And then samples were shaken at room temperature, 50 rpm for 1 h. Extracted lipids
were transferred to a new collection tube. 2 ml lipid extraction solution (Chloroform:
methanol = 2:1 (v/v)) was added to each sample. After shaken for 30 min in room
temperature, extract was transferred to the same collection tube. Two or more extractions
with extraction solution can be performed until the solution become clear after shaking.
Collected lipids solutions were washed with 1 ml 1 M KCl and 2 ml water sequentially.
For each wash, samples were centrifuged at ~200 g for 10 min, and then upper phase
were discarded carefully. Lipids were dried under nitrogen evaporator. Seedlings samples
were incubated in 65 °C overnight, and then dry weight were measured. Dried lipids were
dissolved with methanol (250 µl per mg dry weight seedlings sample) for the downstream
analysis.

2.8 Analysis of free fatty acid by ESI-MS and GC-MS
FFAs in extracted lipid samples were analyzed directly by ESI-MS. The scanning
method was adapted from previously published method (Li et al. 2011) with slight
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modification. Briefly, lipid samples were scanned in negative ion mode (-4500kV, -Q1)
between 50 and 400 Da on API 4000 mass spectrometry. Heptadecanoic acid (17:0) was
used as internal standard. Acquired data were subjected to background subtraction and
normalization to internal standard and dry weight of plant material. Five biological
repeats were used for each genotype and treatment.
Agilent 5975C GC/MSD system was used to characterize novel fatty acid
intermediates. Lipid samples were hydrolyzed by 0.5 M HCl in acetonitrile/water (9:1) at
100 °C for 1 h, followed by chloroform extraction. The organic phase was pooled and
dried under nitrogen gas and the derivatization was performed by adding 50 µl
MTBSTFA (with 1% TBDMCS) and 50 µl N,N-dimethylformamide and incubating at
70°C for 1 h. Samples were separated by J&W DB-5ms capillary column (Agilent, 1225562G), from 80 °C to 310 °C with a ramping rate at 20 °C/min. MSD scan range was set
to 50-550 Da. Unique peaks presented in ech2 samples but not Wt were individually
checked. Each significant unique ion was mapped to potential fragments from pseudomolecular ions due to the instability of the theoretical molecular ion of the double
derivatized 3-hydroxyoctenoic acid. The retention time was also considered. An
alternative derivatization method using methylation followed by silylation was used to
further confirm the results.

2.9 Protein expression and purification
To express protein in Arabidopsis, gene coding sequence was amplified and
cloned into expression vector 35SpBarn (LeClere and Bartel 2001) or 35SFlast (Ge et al.
2005), plant transformation vectors with the 35S promoter of Cauliflower mosaic
virus and the nos terminator. Constructs were transformed into Agrobacterium
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tumefaciens strain and transformed into Arabidopsis. Transformants were screened by
plating T1 generation seeds on medium with 7.5 μg/mL BASTA (for 35SpBarn) or 25
μg/mL kanamycin (for 35SFlast). After 10 days, green seedlings were transferred to soil
for further confirmation with PCR.
For recombinant proteins expressed in E.coli, the protein expression vector
pGEX-KTO was used to create pGEX-IBRs, which express GST-IBR fusion proteins in
E.coli. Proteins were expressed and purified accordingly (Davies et al. 1999).

2.9.1 IBR1, IBR10, and ECH2 protein expression in transgenic lines
To create 35S:: MYC-IBR1, IBR1 and 3xMYC tag coding sequence were amplified
with primers designed with specific restriction enzyme sites. PCR products and 35SpBarn
plasmid DNA were digested accordingly. Cleaned up digestion products were ligated in a
triple-ligation reaction with a molar ratio of 1:3:3 (vector plasmid to 3xMYC PCR product
to IBR1 PCR product). 35S:: GST-IBR10 was created in a similar way except that GST
tag was used.
To create 35S:: HA-ECH2, ECH2 and HA tag coding sequence were amplified
from the pEarleyGate 201 plasmid containing a N-terminal HA-fusion ECH2 (Strader et
al. 2011). PCR products were digested and inserted into 35SFlast vector, replacing the
Flag/Strep tag within the multiple cloning sites. Expression of IBR1, IBR10, and ECH2 in
homozygous transgenic plants were confirmed either by western blot or qRT-PCR.

2.9.2 IBR1+IBR3 co-overexpression and IBR10+ECH2 co-overexpression in
transgenic lines
DNA sequence including 35S promoter, 3XMYC-IBR1, and nos terminator was
amplified from 35S:: MYC-IBR1 plasmid DNA. PCR products were digested and inserted
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into 35S:: HIS-IBR3 to create 35S:: MYC-IBR1+35S:: HIS-IBR3 co-overexpression
construct within the 35SpBarn plasmid. Similarly, DNA sequence including 35S
promoter, GST-IBR10, and nos terminator was amplified from 35S:: GST-IBR10 plasmid
DNA. PCR products were digested and inserted into 35S:: HA-ECH2 to create 35S:: HAECH2+35S:: GST-IBR10 co-overexpression construct within the 35SFlast plasmid.
Homozygous IBR1+IBR3 co-overexpression and IBR10+ECH2 cooverexpression transgenic lines were crossed with each other to create
IBR1+IBR3+IBR10+ECH2 co-overexpression lines. Progenies were screened by
growing seeds on medium with both BASTA and kanamycin. Expression of IBR proteins
in homozygous transgenic plants were confirmed either by western blot or qRT-PCR.

2.9.3 Lateral root-specific expression of IBR3
35S promoter DNA sequence of 35SpBarn vector was cut off and replaced with
lateral root-specific GLV2 or EXP14 promoter DNA sequence (Fernandez et al. 2013;
Lee et al. 2013). IBR3 cDNA sequence was amplified and inserted into the modified
vector.

2.9.4 IBR1, IBR10, AIM1, and MFP2 expression and purification from E.coli
Inoculate 100 ml cultures of LB+100 μg/mL ampicillin from small single colonies
and grow at 37°C for several hours (~ 4 hours). Cultures should be slightly cloudy before
induction with 0.4 mM IPTG. Move cultures to a 14°C shaker and grow overnight. Cells
were harvested and lysed with 1.5 ml PBS by sonication. Add 20% triton to make final
concentration at 1%. Sit on 4°C for solubilization. Spin it and save 100 μl soluble lysate
for Western Blot. The rest soluble lysate was incubated with 400 μl (50%) Glutathione-
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Sepharose (GE Healthcare) for 30 min at 4°C. GST proteins were eluted with 200 μl
elution buffer (5 mM reduced glutathione in 50 mM Tris, pH 8.0) for three times.
Purified proteins were quantified and the elution with highest concentration was saved for
Western Blot and downstream assays.

2.10 In vivo complementation
Site-directed mutagenesis was used to make alterations to residues of different
proteins. Primers were designed using QuikChange Primer Design Program available
online at www.agilent.com/genomics/qcpd. Mutagenesis was performed according to the
protocol of QuikChange II Site-Directed Mutagenesis Kit (Agilent) except that PfuUltra
High-Fidelity DNA polymerase was substituted with Herculase II Fusion DNA
Polymerase (Agilent), which has high efficiency to amplify PCR products less than 10Kb.
PCR was performed using pGEX-IBR plasmid DNA as template. After sequence
confirmation, altered IBR DNA sequence was cut off and inserted into 35SpBarn or
35SFlast expression vector. These constructs were transformed to Wild-type and
corresponding ibr mutant lines. Homozygous plants were used for downstream assays.

2.11 AIM1RNAi lines generation
AIM1RNAi lines were generated by cloning a 500-bp open reading frame of
AIM1 (designed by http://dsCheck.RNAi.jp/) in sense and antisense directions to the
RNAi vector pKannibal (XhoI and KpnI sites for the sense fragment, and XbaI and
HindIII sites for the antisense fragment) (Liu et al. 2015). The sense and antisense open
reading frames are complementary to each other forming a dsRNA, which was cloned
into the expression vector 35SpEarlygate201, and transformed into Arabidopsis.
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Chapter 3: Metabolic alterations in the enoyl-CoA hydratase 2
mutant disrupt peroxisomal pathways in seedlings
Mutant analysis revealed that ECH2 activity mobilizing storage lipids is important
for cell expansion and proliferation (Katano et al. 2016; Strader et al. 2011). ECH2 was
suggested to function in the peroxisomal conversion of indole-3-butyric acid (IBA) to
indole-3-acetic acid (IAA), as ech2 seedlings have altered IBA response. However, the
underlying mechanism is unclear.
In this study, I examined ech2 for seedling development and lipids catabolism
defects. For seedling development defects, seedling morphology and cotyledon pavement
cell development were characterized accordingly; transcripts analysis was performed to
examine abnormalities in the GTPases signaling, which modulates pavement cell
development and affects cotyledon expansion. For lipids catabolism defects, oil body
remobilization and peroxisome morphology were examined by live cells-imagination; in
vitro β-oxidation assays were used to test if ech2 mutation can affect the potential enoylhydratase enzyme activities of ECH2 on oxidized acyl-CoA. Moreover, higher-order
mutants including ech2 and mutant from either fatty acid β-oxidation or IBA to IAA
conversion were generated to test if there are any alterations for ech2 phenotypes.
Metabolic profiling was performed for wild type, ech2, and several other single and
higher-order mutants in order to uncover the correlated relationship between their
phenotypes and the accumulation of specific metabolites or catabolic intermediates.
Here I described the results for mutant analysis and metabolic profiling. An article
describing this work, “Metabolic alterations in the enoyl-CoA hydratase 2 mutant disrupt
peroxisomal pathways in seedlings” by Ying Li, Yu Liu, and Bethany K. Zolman, has
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been accepted for publication in Plant Physiology. Yu Liu performed the ESI-MS
analysis for the in vitro β-oxidation assays and assisted with the analysis of free fatty acid
by ESI-MS and GC-MS.

3.1 ech2 has altered seedling development, but normal adult growth
Because Arabidopsis seedling development requires the concerted effort of fatty
acid metabolism and hormone signaling, we examined the effects of disrupting IBA to
IAA conversion and fatty acid catabolism activity on seedling development. Mutants
defective in each pathway were examined for cotyledon development and primary root
elongation. The tested IBA-response (ibr) mutants include ibr1, ibr3, ibr10, and ech2.
For fatty acid catabolism, acx3, mfp2, aim1, and ped1 were used. Each line was grown on
sucrose-containing media for 7 days. Only ech2 showed obviously reduced cotyledon
size and primary root length (Figure 3-1A to 3-1F). Moreover, ech2 cotyledons had
reduced pigmentation compared with wild-type (Wt) seedlings (Figure 3-1G). However,
true leaves and the overall growth of ech2 rosettes were comparable to that of wild type
(Figure 3-1H and 3-1I). These results suggest that decreased ECH2 activity is disruptive
to normal cotyledon development, but this defect has a reduced effect during adult
development. Similar seed weight and germination rate between wild type and ech2
(Figure 3-2) suggest embryonic defects are unlikely the cause of retarded ech2
development. Thus, we hypothesize the seedling growth phenotype can be attributed to
compromised post-germination development. Notably, the normal growth of true leaves
in ech2 suggests that the heterotrophic nature of early seedling development may be a key
to cause the growth defect.
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3.2 ech2 cotyledons have reduced pavement cell area and complexity
To further characterize the defects of ech2 in cotyledon development, pavement
cells were imaged at days 5 and 12. Notably, ech2 pavement cells not only had reductions
in cell area, but also in the levels of interlocking with adjacent cells. Wild-type pavement
cells are shaped like a jigsaw puzzle of interlocked pieces with lobes (convex) and
indentations (concave). ech2 pavement cells were more like irregular rectangles with few
lobes and indentations (Figure 3-3A). Circularity was used as an index for complex levels
of pavement cells based on the independence of cell area (Zhang et al. 2011). A higher
circularity indicates less complexity. In both wild-type and ech2 cotyledon pavement
cells, an increased cell area with more lobes and indentations was noted at day 12
compared to day 5 (Figure 3-3B). However, the circularity of ech2 cotyledon pavement
cells was consistently higher than that of wild type, indicating ech2 has reduced
pavement cell complexity throughout cotyledon development (Figure 3-3B). Notably,
pavement cells in the ech2 true leaves were comparable to that of wild type in area and
lobe number, suggesting normal growth of ech2 with the first true leaves (Figure 3-3B).
Lobe and indentation formation involves two antagonistic Rho GTPase signaling
pathways (Feiguelman et al. 2018). ROP2 and ROP4 have overlapping functions in
activating the effector RIC4 to promote cortical diffusion of F-actin and outgrowth of
lobes. ROP6 suppresses ROP2, activating the effector RIC1 to promote microtubule
organization and indentation formation (Fu et al. 2005). Both pathways are required for
interlocking pavement cells. ech2 pavement cell morphology resembled that of a mutant
disrupted in both ROP2 and ROP4 (Xu et al. 2010). To test if the Rho GTPase signaling
pathway is compromised in ech2, expression levels of ROP2, ROP4, and ROP6 along

Li, Ying, 2019, UMSL, p. 55

with the RIC4 and RIC1 effectors were examined in cotyledons and true leaves.
Consistently, ROP2 and ROP4 were downregulated in ech2 seedlings at day 3 when
cotyledons emerged (~2 fold lower than Wt), but not at day 25, when true leaves were
well developed (Figure 3-3C and 3-3D). RIC4 expression levels correlated to that of
ROP2 and ROP4 at day 3. These results suggest that the reduced complexity of ech2
cotyledon pavement cells might be related to compromised Rho GTPase signaling,
specific to lobe formation promoted by the ROP2 and ROP4 regulators and RIC4 effector.
Despite ech2-1 having defects in IBA responses, auxin application did not rescue
the complexity or the area of the ech2 cotyledon pavement cells (Figure 3-4). These
results suggest contributors other than reduced IBA-derived IAA levels in ech2 disrupt
Rho GTPase signaling and the resulting defects in cotyledon development.
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3.3 ech2 shows reduced fatty acid catabolism
β-oxidation mutants typically have improved growth in the presence of sucrose
(Germain et al. 2001; Pinfield-Wells et al. 2005; Rylott et al. 2006; Thazar-Poulot et al.
2015). Exogenous sucrose supplants the need for lipid metabolism and promotes growth
and development. We examined ech2 sucrose dependence as a first step in characterizing
its -oxidation activity. We compared seedlings grown on medium with or without
sucrose under light and dark conditions. In the light, ech2 had improved cotyledon and
primary root development when sucrose was added (Figure 3-5), suggesting the
beneficial effect of sucrose as energy source and carbon supply on ech2 seedling
establishment.
On the contrary, under darkness, ech2 showed similar hypocotyl elongation
defects regardless of the presence of sucrose (Figure 3-6). These results indicate that
sucrose can improve seedling development of ech2 only when light is present, unlike the
well-characterized -oxidation mutants mfp2 and ped1 (Figure 3-6; (Lingard and Bartel
2009; Rylott et al. 2006)).
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We next visualized potential disruptions of fatty acid metabolism in ech2 by
examining oil bodies and peroxisomes with confocal microscopy. Many fatty acid βoxidation mutants with impaired lipid mobilization retain oil bodies and have enlarged
peroxisomes, including mfp2 and ped1 (Rinaldi et al. 2016). We visualized and counted
oil bodies in wild-type and ech2 cotyledon pavement cells. Oil bodies in wild-type
cotyledon pavement cells were abundant on day 3, but significantly fewer on days 4 and
5 (Figure 3-7A). On day 3, the total oil body area, as indicated by oil body fluorescence,
was more in ech2 than that in wild type. The number of oil bodies in ech2 was
comparable with wild-type samples (Figure 3-7B), suggesting that oil bodies in ech2
were either larger or aggregated. At days 4 and 5, however, ech2 not only had increased
oil body area, but also an increased number relative to wild type, although the trend of
mobilization over time remained consistent in ech2 samples. Peroxisomes also were
imaged in wild-type and ech2 seedlings expressing a peroxisomally-targeted GFP
(Woodward and Bartel 2005a). The number of peroxisomes in cotyledon pavement cells
decreased on day 5 compared with day 4 in both wild type and ech2. However, more
peroxisomes were present in ech2 and the overall organelle size was larger than in wild
type (Figure 3-7C and 3-7D). These results suggest retarded lipid mobilization when
ECH2 function is disrupted.

Li, Ying, 2019, UMSL, p. 62

Li, Ying, 2019, UMSL, p. 63

To characterize the effect of losing ECH2 enoyl-CoA hydratase activity on acylCoA oxidase products in core -oxidation reactions, electrospray ionization tandem mass
spectrometry (ESI-MS/MS) was used. CoA conjugated intermediates were quantified
from β-oxidation reactions using extracts from 3-d-old seedlings with an acyl-CoA
(C18:1, n-9) substrate. Figure 3-8 shows the relative abundance of C18:1 (n-9) substrate
and the resulting 2-trans-enoyl-CoA, 3-hydroxyacyl-CoA, and 3-ketoacyl-CoA
intermediates. Accumulation of 2-trans-enoyl-CoA, the potential ECH2 substrate, was
significantly higher in ech2 than in wild type (~1.4 fold). In contrast, accumulation of 3hydroxyacyl-CoA, the presumed ECH2 product, was significantly lower in ech2 than in
wild type (0.55 fold). Increased upstream substrates coupled with reduced products
indicate that -oxidation was reduced in ech2. While these results suggest that the
mutation compromises ECH2 enoyl-CoA hydratase activity on acyl-CoA oxidase
products, the defects are not to the degree of defects seen in mfp2 mutant lines (Rylott et
al. 2006) and suggest a minor role for ECH2 in the core -oxidation pathway.
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3.4 Efficient fatty acid core β-oxidation and TAG hydrolysis are
required for ech2 phenotypes
To test if ECH2 loss affects mutants defective in other peroxisomal pathways,
higher-order mutants were analyzed. Previous work demonstrated that ibr1 ibr3 ibr10
ech2 displayed similar small cotyledons as ech2 (Strader et al. 2011). The same response
was observed in other ibr mutant combinations containing ech2 (Figure 3-9). However,
ech2 mfp2 did not have a size reduction but showed comparable cotyledon area to wildtype and the mfp2 parent lines (Figure 3-10). Notably, the small cotyledons of ibr1 ibr10
ech2 also were rescued by incorporation of mfp2 (Figure 3-11). These results indicate that
loss of MFP2 can suppress the defects associated with ECH2 dysfunction regardless of
IBA to IAA conversion levels.
Pavement cells in ech2 mfp2 cotyledons were of similar area and complexity to
wild type and mfp2 (Figure 3-10B to 3-10D), suggesting that mfp2 suppresses the ech2
defects in cotyledon development by promoting cotyledon cell expansion. We also
determined ROP2, ROP4, and ROP6 expression levels in ech2 mfp2. Figure 3-10E shows
that ROP2 and ROP4 expression levels were partially restored in the ech2 mfp2
combination line compared to the ech2 parent.
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Previous studies suggested ech2 had reduced levels of IBA-derived IAA, as it
produced fewer lateral roots and developed shorter root hairs than wild type (Strader et al.
2011). This phenotype also was suppressed by combination with mfp2, as ech2 mfp2
produced more lateral roots and developed longer root hairs than ech2 (Figure 3-12).
Similarly, IBA responses were tested based on the resistance of dark-grown seedlings to
the inhibitory effects of IBA on hypocotyl elongation. Figure 3-12E and 3-12F showed
that ech2 mfp2 developed shorter hypocotyls than ech2 when grown on IBA, further
supporting a suppressive effect of mfp2 on ech2 phenotypes. These results suggest that
mfp2 suppressed the defects of losing ECH2 activity on IBA to IAA conversion.
Phenotypic assays also were done on combination lines incorporating other core
-oxidation mutants. Incorporation of ped1 with ech2 showed identical responses as mfp2
combination (Figure 3-10A and 3-11), supporting the above model that direct disruption
of fatty acid -oxidation rescues ech2 mutant phenotypes. Similarly, analysis of ech2
sdp1, which also disrupts TAG lipase, showed that sdp1 suppresses ech2 phenotypes
(Figure 3-13A and 3-13B). However, ech2 acx3 and ech2 aim1combination mutants
showed morphology similar to ech2 (Figure 3-13C). mfp2 and ped1 have dramatic
reductions in fatty acid metabolism compared to acx3 and aim1 (Figure 3-5, (Lingard and
Bartel 2009; Rylott et al. 2006)). As demonstrated previously, phenotypes in acx mutant
lines and aim1 can be masked by redundancy, expression domains, and substrate
specificity (Adham et al. 2005; Rylott et al. 2003; Wiszniewski et al. 2009). For these
reasons, we hypothesize that lines combining ech2 and these mutations may be less likely
to show altered phenotypes due to enzyme activity remaining at these steps.
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Taken together, these results suggest that active TAG hydrolysis and efficient
fatty acid core -oxidation are required for ech2 phenotypes.

3.5 ech2 over-accumulates short-chain 3-hydroxy fatty acid
The rescue of ech2 phenotypic defects by addition of mutations disrupting TAG
hydrolysis or core fatty acid β-oxidation suggests the accumulation of intermediates may
be causing the defect in ech2 cell expansion and resulting growth defects. Based on the
involvement of ECH2 activity in the catabolism of fatty acid with an even-numbered cisdouble bond, potential candidates include 3-hydroxy fatty acid.
To detect such compounds, we performed a direct scan of negatively charged
lipid metabolites by ESI-MS. A unique peak (m/z = -157.2) was identified in ech2
seedlings (Figure 3-14). The m/z matches the [M-H]ˉ ion of hydroxyoctenoic acid (C8:1
hydroxy fatty acid). To confirm the identity of the compound, GC-MS was used to
separate the derivatized lipid mixture and the fragment fingerprint of each unique
compound in ech2 samples was analyzed. As expected, a unique peak was identified in
the ech2 sample (Figure 3-15A). Analysis of the fragment fingerprint suggests the peak
represents an 8-carbon fatty acid, with an ω-3 double bond and a 3-hydroxy group
(Figure 3-15B). Another peak of m/z = -159.3, which matches the [M-H]ˉ ion of
hydroxyoctanoic acid (C8:0 hydroxy fatty acid), was identified at a much lower
abundance (Figure 3-14A).
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These short-chain 3-hydroxy fatty acid are likely the hydrolysis product of the
corresponding β-oxidation intermediates of α-linolenic acid (ALA, C18:3) and linoleic
acid (LA, C18:2), both of which have a double bond at the twelfth carbon requiring
ECH2 for efficient degradation. (Figure 3-14B). In contrast to the seedling samples, these
short-chain 3-hydroxy fatty acid were not detected in ech2 rosette leaves (Figure 3-16).
The peak area in the ESI-MS scan was used to quantify the amount of these accumulated
compounds. While almost absent in wild type and mfp2, up to 20% of total FFA pool was
comprised of 3-hydroxy-5-octenoic acid in ech2 (Figure 3-14C). Interestingly, the ech2
mfp2 double mutant accumulated much less hydroxyoctenoic acid compared with ech2
seedlings. MFP2 is one of the enzymes that catalyzes the core β-oxidation steps upstream
of ECH2 for degradation of fatty acid with even-numbered cis-double bond (Figure 1-1);
its absence would severely limit the amount and rate of substrates provided to ECH2.
These results suggest the supply of substrate is kinetically important to the over
accumulation of the hydroxyoctenoic and hydroxyoctanoic acid products.
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3.6 Over-accumulated free fatty acid contribute to the growth defects of
ech2
Besides the two short-chain 3-hydroxy fatty acid, ech2 also showed an overall
increase of FFA species, especially very long-chain fatty acid (Figure 3-14C and 3-14D).
Interestingly, acetate levels also increased dramatically in ech2. Both of these patterns
were suppressed in ech2 mfp2 (Figure 3-14C). To elucidate whether the growth defect of
ech2 is the result of the overall increased FFA level or specific to the potential toxicity of
short-chain 3-hydroxy fatty acid, we analyzed an ech2 lacs6 lacs7 line. The ech2 lacs6
lacs7 mutant combines defects in the long-chain acyl CoA synthetases (Figure 1-1) with
ech2. Unlike ech2 mfp2 that suppressed the cotyledon and root phenotypes, ech2 lacs6
lacs7 had enhanced defects in both cotyledon expansion and root elongation (Figure 317). Both lacs6 lacs7 and ech2 lacs6 lacs7 mutants had greatly increased overall FFA
levels compared to ech2 (Figure 3-17G and Table 3-1). However, the short-chain 3hydroxy fatty acid levels were normal in lacs6 lacs7 and their accumulation was
suppressed in the ech2 lacs6 lacs7 triple mutant (Figure 3-17G). Therefore, the growth
defects of ech2 and ech2 lacs6 lacs7 cannot be attributed solely to the accumulated 3hydroxy fatty acid but the overall increased FFA level. Notably, lacs6 lacs7 accumulated
comparable total FFAs but showed a milder growth defect than ech2 (Figure 3-17A and
Table 3-1), indicating short-chain 3-hydroxy fatty acid may have higher toxicity than
other FFAs.
To explore further the adverse effects of FFAs and hydroxy fatty acid on plant
growth and development, wild-type seedlings were treated with various fatty acid at
different concentrations. At high enough concentrations, all tested fatty acid showed toxic
effects to wild-type seedling growth, including root elongation and cotyledon expansion
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(Figure 3-18). Treatments of increasing strength resulted in enhanced inhibition of root
elongation and decreased cotyledon area (Figure 3-18). When fatty acid were applied at
higher concentrations, seed germination was inhibited (Figure 3-18A and 3-18E).
Notably, 3-hydroxyoctanoic acid showed a stronger toxic effect than LA, while oleic acid
only showed toxicity at high concentration (Figure 3-18), indicating distinctive effective
inhibitory concentrations of different fatty acid.
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Table 3-1. FFA content of 3-d-old Wt, ech2, mfp2, ech2 mfp2, lacs6 lacs7, and ech2 lacs6 lacs7
seedlings.

Column1
Acetate
±SD
C8:1OH
±SD
C8:0OH
±SD
C16:3
±SD
C16:2
±SD
C16:1
±SD
C16:0
±SD
C18:3
±SD
C18:2
±SD
C18:1
±SD
C18:0
±SD
C20:2
±SD
C20:1
±SD
C20:0
±SD
C22:1
±SD
C22:0
±SD
C24:1
±SD
C24:0
±SD
C26:1
±SD
C26:0
±SD
Total
±SD

Wt
1.84E-01
0.89E-01
N/D
3.09E-02
1.4E-02
7.49E-02
1.70E-02
7.86E-02
1.97E-02
1.04E-01
0.22E-01
1.86E-01
0.54E-01
5.23E-01
0.50E-01
7.95E-01
1.70E-01
4.29E-01
0.56E-01
3.13E-01
1.03E-01
9.61E-02
1.42E-02
3.58E-01
0.55E-01
4.41E-01
0.47E-01
1.16E-01
0.15E-01
4.97E-01
0.99E-01
7.28E-02
0.87E-02
6.10E-01
0.79E-01
4.29E-03
3.28E-03
1.66E-01
0.12E-01
5.08E+00
0.32E+00

ech2
2.70E+00
0.23E+00
2.43E+00
0.30E+00
3.32E-01
0.22E-01
1.09E-01
0.17E-01
9.95E-02
2.43E-02
1.10E-01
0.32E-01
1.38E-01
0.64E-01
5.30E-01
0.54E-01
7.10E-01
1.16E-01
3.53E-01
0.37E-01
2.11E-01
0.37E-01
1.20E-01
0.26E-01
4.86E-01
0.42E-01
5.66E-01
0.80E-01
1.60E-01
0.39E-01
5.79E-01
1.05E-01
8.26E-02
1.59E-02
5.53E-01
1.19E-01
7.16E-03
4.36E-03
1.27E-01
0.21E-01
1.04E+01
0.23E+01

mfp2
3.40E-01
0.48E-0.1
N/D
2.17E-02
0.48E-02
1.19E-01
0.59E-01
8.02E-02
0.78E-02
1.12E-01
0.14E-01
1.59E-01
0.68E-01
3.70E-01
0.35E-01
5.50E-01
0.68E-01
3.37E-01
0.23E-01
2.88E-01
1.05E-01
9.65E-02
1.43E-02
3.97E-01
0.33E-01
9.53E-01
7.17E-01
1.28E-01
0.06E-01
1.06E+00
0.41E+00
6.47E-02
1.11E-02
4.72E-01
0.37E-01
N/D

ech2 mfp2
6.23E-01
0.81E-01
1.51E-01
0.20E-01
2.45E-02
0.86E-02
6.00E-02
2.05E-02
6.46E-02
0.83E-02
6.26E-02
0.76E-02
1.14E-01
0.74E-01
3.96E-01
0.34E-01
6.75E-01
1.29E-01
3.71E-01
0.67E-01
1.74E-01
0.45E-01
1.62E-01
0.09E-01
4.35E-01
0.37E-01
1.04E+00
0.14E+00
1.77E-01
0.08E-01
1.27E+00
0.22E+00
5.48E-02
0.25E-02
4.82E-01
0.08E-01
N/D

1.59E-01
0.12E-01
4.93E+00
3.14E+00

1.79E-01
0.06E-01
6.53E+00
3.31E+00

lacs6 lacs7
3.09E-01
0.48E-01
N/D
2.51E-02
0.20E-02
9.71E-02
1.99E-02
8.24E-02
0.71E-02
1.11E-01
0.19E-01
4.58E-01
1.36E-01
6.11E-01
0.92E-01
1.46E+00
0.22E+00
6.26E-01
0.61E-01
8.07E-01
1.55E-01
1.99E-01
0.15E-01
1.65E+00
0.04E+00
8.54E-01
0.58E-01
3.09E-01
0.13E-01
6.33E-01
0.99E-01
1.21E-01
0.13E-01
6.64E-01
0.37E-01
1.51E-02
0.59E-02
2.17E-01
0.17E-01
9.25E+00
2.53E+00

ech2 lacs6 lacs7
1.30E+00
0.19E+00
3.36E-01
0.39E-01
9.35E-02
5.6E-02
3.10E-01
0.79E-01
1.77E-01
0.71E-01
2.15E-01
0.61E-01
7.81E-01
1.50E-01
9.83E-01
0.95E-01
2.36E+00
0.38E+00
9.85E-01
1.03E-01
8.61E-01
2.90E-01
5.19E-01
1.24E-01
2.97E+00
0.39E+00
1.59E+00
0.56E+00
4.72E-01
0.69E-01
1.03E+00
0.24E+00
2.60E-01
0.71E-01
9.39E-01
1.68E-01
6.70E-02
2.42E-02
3.49E-01
0.80E-01
1.66E+01
0.07E+01

This table relates to Figure 3-14 and 3-17. Short-chain (n≤8), long-chain (n=16-18), and very
long-chain (n=20-26) FFA content are listed. N/D, not detected.
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3.7 Wild-type seedlings treated with 3-hydroxyoctanoic acid phenocopy
ech2 in many different aspects
2-hydroxyoctanoic acid was also applied to test if the position of hydroxyl group
matters. A similar strong toxic effect was observed (Figure 3-19A). However, compared
with 3-hydroxyoctanoic acid, 2-hydroxyoctanoic acid displayed a stronger inhibition
effect on root elongation, but a less inhibition effect on cotyledon expansion (Figure 319B to 3-19D). These results demonstrate that 3-hydroxyoctanoic acid and 2hydroxyoctanoic acid have distinct effects on root and cotyledon development.
To further examine the effect of treatments on pavement cell patterning, pavement
cells were imaged at 6-d-old seedlings (Figure 3-20A). Seedlings treated with a low
concentration of either hydroxy fatty acid were used. Notably, pavement cell of wild-type
seedlings treated with 3-hydroxyoctanoic acid showed reductions in both cell area and
complexity, with similar revels to that of untreated ech2. (Figure 3-20B to 3-20D). The
same reductions were not detected in wild-type seedlings treated with 2-hydroxyoctanoic
acid, despite that the applied concentration is enough to cause a significantly reduced root
elongation (Figure 3-19B). These results indicate that treatment of 3-hydroxyoctanoic
acid, but not 2-hydroxyoctanoic acid, can cause ech2-like defects in pavement cell
development in wild type.
To examine the effect of treatments on peroxisomes morphology, similar
treatments was performed on wild-type and ech2 seedlings expressing a peroxisomallytargeted GFP. Peroxisomes were imaged in cotyledon pavement cells of mock and treated
seedlings (Figure 3-21A). Consistently, peroxisomes of ech2 mock seedlings had
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increased size and number compared to that of wild-type mock seedlings (Figure 3-21B
and 3-21C).
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Significant gains in peroxisome size and number were also observed in 3hydroxyoctanoic acid-treated wild-type seedlings (Figure 3-21B and 3-21C). 2hydroxyoctanoic acid-treated wild-type seedlings had mildly increased peroxisome size
but comparable peroxisome number (Figure 3-21B and 3-21C). These results indicate
that 3-hydroxyoctanoic acid treatment can cause ech2-like defects in peroxisome
morphology.
When growing in liquid media with IBA, ech2 seedlings displayed consistent
altered IBA response, including resistance to IBA effects on root elongation inhibition
and root branching (Figure 3-22). To test if the hydroxy fatty acid treatment can cause an
ech2-like IBA response in wild-type seedlings, root elongation and lateral root density
were examined in wild-type seedlings growing in media with both hydroxy fatty acid and
IBA. IBA application caused enhanced inhibition of root elongation regardless of the
fatty acid treatments, and the inhibition levels were correlated to the applied IBA
concentrations (Figure 3-22A and 3-22B). Intriguingly, wild-type seedlings treated with
3-hydroxyoctanoic acid showed comparable root elongation to untreated ech2 seedlings
under each IBA concentration, indicating an ech2-like altered IBA response caused by
the fatty acid treatment (Figure 3-22B). On the contrary, wild-type seedlings treated with
2-hydroxyoctanoic acid showed comparable root elongation to untreated wild-type
seedlings under each IBA concentration, indicating an IBA response with no or only mild
alteration (Figure 3-22B). Similar patterns were observed in the IBA-induced root
branching (Figure 3-22C). Again, these results suggest that treatment of 3hydroxyoctanoic acid, but not 2-hydroxyoctanoic acid, can cause an altered IBA response
similar to ech2.
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3.8 ech2 responds differently to treatments with unsaturated fatty acid
depending on bond position
Considering the function of ECH2 in the degradation of unsaturated fatty acid on
even-numbered carbon (Figure 1 and (Goepfert et al. 2006)), seedlings with low ECH2
activity are hypothesized to accumulate (R)-3-hydroxyacyl-CoA and/or associated
hydrolyzed intermediates when treated with unsaturated fatty acid on even-numbered
carbon, but not with unsaturated fatty acid on odd-numbered carbon. This differential
metabolic accumulation may lead to different physiological responses. To test this
hypothesis, wild-type and ech2 seedlings were treated with ∆7-cis nonadecenoic acid
(C19:1 ∆7-cis) and ∆10-cis nonadecenoic acid (C19:1 ∆10-cis). Root elongation of
seedlings were tested. In both wild type and ech2, significant reductions of seedling root
elongation were observed when treated with either substrate (Figure 3-23). Notably, at
this concentration, the reductions of root elongation in wild-type seedlings treated with
either fatty acid were comparable. However, the inhibition of root elongation in ech2
seedlings treated with ∆10-cis nonadecenoic acid was enhanced compared to ech2
seedlings treated with ∆7-cis nonadecenoic acid (Figure 3-23). These results show that
wild-type seedlings are equally inhibited by ∆10-cis nonadecenoic acid and ∆7-cis
nonadecenoic acid treatments; ech2 seedlings are more sensitive to ∆10-cis nonadecenoic
acid than ∆7-cis nonadecenoic acid treatment.
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3.9 Discussion
Peroxisomes are important organelles that harbor lipophilic pathways required for
plant growth, development, and responses to changing environmental conditions. Fatty
acid catabolism and IBA to IAA conversion are similar peroxisomal pathways that occur
via β-oxidation mechanisms. Mutants exclusively defective in IBA to IAA conversion
were defined by their aberrant responses to IBA; exogenous sucrose is not required for
their seedling establishment, ruling out alterations in fatty acid metabolism. However,
other mutants have disruptions in both IBA-response pathways and fatty acid metabolism.
These mutations fall into two classes: mutations disrupting overall peroxisome import or
activity and those in enzymes with a primary function in fatty acid β-oxidation that also
impact IBA metabolism (Hu et al. 2012). Here, we focused on ech2, which has defects in
both peroxisomal pathways while also having unique early growth defect.
ech2 has unique growth and metabolic phenotypes
The ech2 mutant, referred as ech2-1, was identified by a previous study screening
for mutants with altered IBA response (Strader et al. 2011). The study demonstrated the
requirement of IBA-derived IAA in Arabidopsis seedling development through
characterizing phenotypes of the quadruple mutant ibr1ibr3ibr10ech2, which displayed
strongest IBA resistance indicative most reduced IBA to IAA conversion among various
single and higher-order ibr mutants (Strader et al. 2011). Moreover, the altered IBA
response of ech2 was rescued in transgenic lines carrying 35S:HA-ECH2. Here, we
further characterized the single ech2 mutant in seedling morphology, and found that ech2
itself has reduced cotyledon expansion and short root length as seen in ibr1ibr3ibr10ech2
(Figure 3-1 and (Strader et al. 2010)). A similar reduced cotyledon expansion phenotype
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was observed in another ech2 mutant referred as ech2-2 (Mana Katano et al. 2016). To
confirm these phenotypes result from the loss of ECH2 function, a 35S:ECH2 construct
was transformed into the ech2 background. Homozygous transgenic lines had normal
growth responses in phenotypic assays, including both the seedling development and
metabolic phenotypes (Figure 3-24). ech2 displayed altered response to 2,4dichlorophenoxybutyric acid (2,4-DB), which was not observed in the previously
characterized ech2 RNAi lines, suggesting that ECH2 activity is more reduced in ech2
mutant than in the ech2 RNAi lines (Goepfert et al. 2006 and (Strader et al. 2011)).
Hence, the wild type-like physical appearance of ech2 RNAi lines may be attributed to
the remaining active ECH2 functions.
ech2 phenotypes are related to alterations reported in two peroxisomal pathways:
fatty acid -oxidation and IBA to IAA conversion. ech2 cotyledons have retarded oil
body mobilization and enlarged peroxisomes (Figure 3-7), consistent with other mutants
with impaired fatty acid metabolism (Rinaldi et al. 2016). The root growth defect of ech2
is alleviated on media with sucrose (Figure 3-5), similar to fatty acid catabolism mutants
including sdp1 and mfp2 (Supplemental Figure S12; (Thazar-Poulot et al. 2015)). ech2
also is resistant to exogenous IBA application (Figure 3-12) and has small cotyledons and
short root hairs (Figure 3-1), similar to the triple IBA-response mutant ibr1 ibr3 ibr10
(Strader et al. 2010). These mutant phenotypes suggest the ECH2 enzyme affects both
fatty acid catabolism and IBA to IAA conversion.
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However, the compromised fatty acid metabolism of ech2 is distinct from that of
mfp2 and ped1. ech2 peroxisomes are larger than in Wt (Figure 3-7), but smaller than in
mfp2 and ped1 (Rinaldi et al. 2016). Also, the increased peroxisome numbers seen in
ech2 (Figure 3-7) have not been reported in either mfp2 or ped1. Compared with mfp2
and ped1, reductions in hypocotyl elongation of dark-grown ech2 are minor and not
rescued by sucrose (Figure 3-6). These distinctions suggest ech2 disrupts fatty acid
metabolism to only a mild degree. Further, auxin did not restore root hair elongation to
the level of wild type, as seen in ibr1 ibr3 ibr10 (Figure 3-25; (Strader et al. 2010)).
Finally, the ech2 small cotyledon phenotype is not rescued by exogenous sugar or
auxin (Figure 3-4 and 3-5). These observations led us to consider potential underlying
mechanisms other than the reduced production of energy/short-chain carbons or IBAderived auxin.
ech2 effects alternatively could be due to decreased production of an alternative
product or indirect effects resulting from reduced amounts of an intermediate or product
required for a secondary pathway or an accumulation of a substrate or intermediate with
potentially toxic consequences. We next investigated the hypothesis that ech2 phenotypes
result from the toxic accumulation of intermediates that normally require ECH2 activity
to be effectively metabolized. A previous report described a feeding experiment in which
ECH2 RNAi lines expressing a polyhydroxyalkanoate (PHA) synthase were incubated
with even cis-unsaturated fatty acid. Accumulation of corresponding PHA 3hydroxyacyl-CoAs was observed, suggesting ECH2 is required to metabolize 3-(R)hydroxyacyl-CoAs (Goepfert et al. 2006). Arabidopsis seeds accumulate large amounts
of polyunsaturated fatty acid, primarily LA and ALA, which contain even cis-double
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bonds at the Δ12 carbon (O'Neill et al. 2003). In the above experiment, ECH2 RNAi lines
accumulated PHA8:0 and PHA8:1, corresponding to the metabolic intermediates of
endogenous LA and ALA (Goepfert et al. 2006). Although these results are consistent
our toxic intermediate hypothesis, questions remain. Intermediate accumulation levels
under normal conditions may not correlate with the accumulation of PHA. Additionally,
the accumulation of a novel product can have broader impacts to the metabolic and/or
signaling network in cells and the consequences of such accumulation need to be
examined in the context of plant morphology and development.
To explore ech2 metabolic changes, we directly profiled the fatty acid spectrum in
Wt and mutants. We detected 3-hydroxyoctanoic acid (C8:0-OH) and 3-hydroxyoctenoic
acid (C8:1-OH) accumulation in ech2. C8:1-OH levels are ~7 fold higher than C8:0-OH
(Figure 3-14C). This pattern is opposite to the ALA and LA distribution in Arabidopsis
seeds, which typically have 21% ALA and 33% LA (O'Neill et al. 2003). FFAs are used
either in membrane biogenesis or metabolized through β-oxidation in peroxisomes.
Arabidopsis membrane lipids contain more ALA than LA (Li-Beisson et al. 2010), which
suggests ALA likely is not being metabolized to a higher degree than LA. This
observation suggests enzyme specificity between alternative pathways may be
influencing substrate preference.
In addition to the accumulation of these intermediates directly related to ECH2
loss, we also found an overall accumulation of FFAs, especially very long-chain fatty
acid, and acetate (Figure 3-14C and 3-14D). The lack of other medium and short-chain
FFAs (<16 carbons, data not shown) suggests the stall happens specifically, while the
overall functionality of other β-oxidation enzymes is less affected. Our in vitro β-
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oxidation assay suggests ECH2 also possesses regular enoyl-CoA hydratase activity, but
in a minor way compared with MFP2 (Figure 3-8; (Rylott et al. 2006)). The functional βoxidation enzymes preclude the complete disruption of the pathway that might result
from loss of ECH2.
Efficient substrate supply is required for the accumulation of fatty acid
intermediates and resulting phenotypes in ech2-containing mutants
We did epistatic analysis to investigate the genetic interactions between ech2 and
other mutants defective in peroxisomal enzymes. Our results showed that ibr higher-order
mutants containing ech2 displayed similar growth phenotypes to ech2 (Figure 3-9),
consistent with previous results describing an ibr1 ibr3 ibr10 ech2 (Strader et al. 2011).
However, mutants disrupting enzymes upstream of ECH2 in fatty acid metabolic
pathways suppress the ech2 growth phenotypes, including sdp1, mfp2, and ped1 (Figure
3-10 and Figure 3-13). The fatty acid catabolism defects determine the severity of the
growth defects in ech2-containing mutant combinations. In the catabolism of even cisunsaturated fatty acid, SDP1, MFP2, and PED1 catalyze the steps preceding ECH2
activity to generate 3-(R)-hydroxyacyl-CoAs (Figure 1-1). ECH2 disruption would
disrupt the substrate-product balance, resulting in accumulation of 3-(R)-hydroxyacylCoAs. If this step is stalled for a prolonged period, these intermediates could build up or
be degraded to recycle CoA and produce free 3-(R)-hydroxy fatty acid. Concurrent
reductions of an upstream enzyme and ECH2 reduce the supply of these substrates and
minimize accumulation of 3-(R)-hydroxy fatty acid, thus restoring the metabolic balance
and reducing the phenotypic severity.
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Free fatty acid profiles of Wt and mutant lines support the aforementioned
mechanism. In ech2 mfp2, levels of long-chain and very long-chain FFAs were similar to
Wt and the accumulation of short-chain hydroxy fatty acid and acetate were suppressed
compared with ech2 (Figure 3-14 and Table 3-1). ech2 lacs6 lacs7 also showed
suppressed accumulation of short-chain 3-hydroxy fatty acid compared with ech2,
consistent with the role of LACSs upstream of ECH2 (Figure 1-1 and Figure 3-17). Overaccumulation of long-chain and very long-chain fatty acid in lacs6 lacs7 was enhanced
by ech2. We conclude the FFA accumulation is responsible for the growth defects in
ech2, lacs6 lacs7 and ech2 lacs6 lacs7. ech2 is further implicated in causing additional
metabolic changes beyond its specific loss of catalytic function. One possible mechanism
is via increased acyl-CoA degradation, consistent with the faster reduction of substrates
in ech2 compared with Wt during in vitro β-oxidation assays (Figure 3-8).
The ech2 FFA profile also suggests the importance of the hydratase/epimerase
pathway to degrade fatty acid with an even-numbered cis-double bond. Previous results
demonstrated the alterative reductase/isomerase pathway (Figure 1-1) contributes
significantly to FFA degradation (Allenbach and Poirier 2000). However, the dramatic 3hydroxy-5-octenoic acid accumulation in ech2 (~20% of total FFA pool; Figure 3-14C)
leads to questions about activity of the reductase/isomerase pathway. The production of
the ECH2 substrate requires one round of core β-oxidation of the 2-trans-4-cis-dienoylCoA intermediate and hydration by MFP2; these steps are not reversible (Figure 1-1;
(Graham 2008)), and therefore accumulating intermediates cannot be degraded by the
reductase/isomerase pathway. Auxiliary enzymes, including 3-hydroxyacyl-CoA
epimerase, 2, 4-dienoyl-CoA reductase (DECR), and Δ3, Δ2-enoyl-CoA isomerases
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(AtECI), are not well studied and future mutant analysis and metabolic profiling are
necessary to understand the activation of and biological importance for the
reductase/isomerase pathway.
Accumulation of fatty acid intermediates also affects auxin metabolism
The IBA-response mutant ibr1 ibr3 ibr10 ech2 has an ~20% reduction in auxin
levels, indicating IBA to IAA conversion is a significant contributor to the auxin pool
(Strader et al. 2011). One of the most surprising observations in this study is the
restoration of IBA sensitivity when ech2 was crossed with fatty acid catabolism mutants.
Previous studies hypothesized ECH2 as a shared enoyl-CoA hydratase acting in both
fatty acid catabolism and IBA to IAA conversion (Goepfert et al. 2006; Strader et al.
2011). If the overlap between these two peroxisomal pathways happens at the catalytic
level, we would hypothesize combination mutants to have unchanged or enhanced IBA
resistance, as the additional fatty acid catabolism mutant would also negatively affect
IBA to IAA conversion. This opposite observation led us to hypothesize other roles ech2
could have to affect these pathways (Figure 3-12). One hypothesis was the overaccumulation of FFAs in ech2 indirectly inhibits IBA to IAA conversion. However, the
triple mutant ech2 lacs6 lacs7 showed enhanced growth defects and overall FFA
accumulation, yet the IBA resistance was still suppressed compared with ech2 (Figure 317E and 3-17F). FFA accumulation alone cannot explain this discrepancy.
We also found a correlation between the level of short-chain 3-hydroxy fatty acid
and IBA resistance in ech2-containing mutants. Moreover, the later feeding experiments
with both 3-hydroxyoctanoic acid and IBA further support that accumulation of shortchain 3-hydroxy fatty acid can affect IBA response (Figure 3-22). The unexpected over-
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accumulation of free acetate in ech2 led to an alternative hypothesis. Unlike long-chain
and very long-chain acyl-CoAs, acetyl-CoA is the β-oxidation end product. Thus, its
degradation is not likely the result of a direct feedback effect of elevated intermediates.
Instead, it may reflect the increased need of local or global CoA recycling as a result of
stalled 3-(R)-hydroxy acyl-CoA in ech2. A similar effect could affect the co-localized
IBA to IAA pathway, decreasing its efficiency and causing the IBA resistance phenotype.
CoA limitations have been suggested previously to affect IBA metabolism in mutants
disrupting the ACX proteins required for -oxidation as well (Adham et al. 2005). It is
necessary to study these genetic, metabolic, and regulatory interactions systematically, to
understand the full picture of peroxisome function in the context of auxin homeostasis
and its influence on early plant development.
Position of hydroxyl group and double bond affect the inhibitory specificity and
potency of FFAs
3-hydroxyoctanoic acid treated wild-type seedlings phenocopied ech2 (Figure 319 to Figure 3-22). Treatment with 2-hydroxyoctanoic acid resulted in similar root
defects but milder cotyledon defects than ech2 (Figure 3-19). The different structures of
the two hydroxyoctanoic acids may make them effective against different targets, as 2hydroxyoctanoate inhibits medium chain acyl-CoA synthetase in mammals (Kasuya et al.
1996), while we hypothesize 3-hydroxyoctanoate would competitively inhibit/saturate
enoyl-CoA hydratases. It is plausible the competitive inhibition can happen on acetylCoA synthetases in Arabidopsis, the closest homologues of mammalian medium chain
acyl-CoA synthetase, by both 2- and 3-hydroxyoctanoate, and other FFAs at higher
concentrations. The additional inhibitory effect of 3-hydroxyoctanoic acid may contribute
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more to the cotyledon defect with the overlapping effects on peroxisomal β-oxidation
pathways.
Application of FFA has general adverse effect on plant growth (Fan et al. 2013;
Li et al. 2011). To distinguish the general inhibition effect and defect specific to the loss
of ECH2, it is beneficial to study the positional effect of double bond on the specificity
and potency of the applied FFA to wild type and ech2. We compared the inhibitory effect
of two nonadecenoic acids (C19:1, cis-Δ7, and cis-Δ10), and found they differentially
inhibited the growth of wild type and ech2 (Figure 3-23). Notably, wild type showed no
significant difference under the effect of either C19:1, displaying only the general FFA
toxicity effect. In contrast, ech2 was further inhibited by C19:1-cis-Δ10 than by C19:1cis-Δ7. The heightened inhibition by the even cis-double bond FFA could reflect higher
endogenous levels; additional feeding leads to a supersensitive response in the sensitized
background. Alternatively, or in combination, the milder inhibition of ech2 by C19:1cis-Δ7 can be largely attributed to a decreased potency of the endogenous short chain
hydroxy fatty acid. This experiment further strengthens the importance of ECH2 to the
proper degradation of even cis-double bond FFAs.
Perspectives
We have investigated the metabolic alterations underlying the ech2 phenotypes.
Loss of ECH2 led to aberrant accumulations of intermediates from fatty acid catabolism
pathways, resulting in seedling growth defects. A metabolic shift following the
simultaneous loss of MFP2 reduced the growth defects of ech2. We also have gained
insights into potential interactions between peroxisomal pathways. ech2 accumulates
FFA intermediates that are not present under normal conditions, resulting in exaggerated
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phenotypic responses. From this information, we can infer valuable information and
make new hypotheses about the roles of FFAs in metabolic crosstalk and potential
signaling between peroxisomal pathways.
Our results and current hypotheses are illustrated in Figure 3-26. 3-hydroxy fatty
acid accumulate when ECH2 levels are low, as exemplified in this work by the ech2
mutant. In turn, this metabolic defect reduces IBA to IAA conversion and impacts
epidermal cell expansion, possibly through the ROPs pathway. At the cellular level, these
metabolic changes lead to reduced oil body mobilization and increases in peroxisome
number and size. Simultaneous reduction of core -oxidation pathways, as exemplified
by the double mutants in our studies, reduce the need for ECH2 activity because a
decreased amount of substrate is available for metabolism. Future studies, including the
direct profiling of IBA to IAA conversion intermediates and testing the upstream
effectors of ROPs may reveal additional components of and connections between these
metabolic and signaling pathways.
Better understanding the mechanism underlying FFA lipotoxicity, especially of
hydroxy fatty acid, also has great benefits for industrial purposes. Hydroxy fatty acid are
frequently used as additives or raw materials for chemical feedstocks, lubricants, inks,
and plastics (Lee et al. 2015). Metabolic engineering approaches have been used to
produce hydroxy fatty acid in Arabidopsis seeds. However, transgenic plants successfully
producing such compounds have low seed oil and poor seedling establishment, similar to
ech2 (Lunn et al. 2018a; Lunn et al. 2018b). Further studies of the potential downstream
processes of FFA signaling as well as transcriptome and proteome changes in ech2 and
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FFA treated plants will greatly improve our understandings of peroxisomal lipid
metabolism and regulation in seeds and developing plants.
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Chapter 4: Characterization of enzymes predicted to function
in IBA to IAA conversion
As a storage form of IAA, IBA can be converted to IAA through a stepwise βoxidation. Several proteins are predicted to act at different steps of the conversion (Hu et
al. 2012). However, there is no biochemical evidence to show that these proteins directly
work in the predicted steps. Analysis of loss-of-function mutants and overexpressing
lines revealed the importance of IBA to IAA conversion in seedling development and
defense against bacterial pathogens (Korasick et al. 2013; Leyser 2018). Specifically,
production of IBA-derived IAA in root cap is essential for root branching (De Rybel et al.
2012; Xuan et al. 2015). Unfortunately, effects of the conversion on other aspects of plant
development, such as reproductive development, are largely unknown.
In this study, biochemical and genetic analysis were used to determine protein
activities in IBA catabolism, as well as exploring their importance in reproductive
development. Tagged recombinant proteins were expressed and purified from E.coli to
perform in vitro enzyme assays. To avoid potential inactivation caused by misfolding or
regulatory mechanisms, I also worked on expressing and purifying tagged proteins from
Arabidopsis. IBA-CoA is not commercially available and the stability of previously
obtained IBA-CoA through in vitro synthesis cannot be validated. In vivo examination of
protein domains was performed alternatively to test the importance of protein activity in
IBA to IAA conversion. Moreover, transgenic lines expressing IBR3 constitutively or
tissue-specifically were created to test the effect of the conversion on root induction and a
quintuple mutant combining five mutants defective in IBA response was created and the
reproductive development were tested.
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Elucidation of IBR10 and AIM1 functions in IBA catabolism is challenging due
to multiple reasons. Firstly, both of them have characterized activities in fatty acid
metabolism, defects in which may contribute to the altered IBA response of ibr10 and
aim1 mutants (as seen in ech2 in chapter 3). Secondly, aim1 mutants have severe defects
in reproductive development (Richmond and Bleecker 1999), which results in very few
progenies production raising challenges for downstream assays. And third, AIM1
probably functions in IBA catabolism through its enoyl-CoA hydratase and 3hydroxyacyl-CoA dehydrogenase activities; the former activity was also predicted in
IBR10. In addition to determining their activities, it is also important to test if IBR10 and
AIM1 function equally or one is dominant over the other on IBA-CoA intermediates. For
these reasons, higher-order mutants with additional defects from either pathway were
created and used for various molecular and biochemical assays. Moreover, due to the
infertility of aim1 mutants, AIM1RNAi lines were generated and how lower AIM1
expression affects IBA response in different backgrounds was examined.

4.1 Expression and purification of IBR proteins from E.coli and
Arabidopsis
GST fusion proteins with IBR1 and IBR10 were expressed in E.coli and purified
accordingly (Monroe-Augustus et al. 2003) (Figure 4-1A). Meanwhile, two proteins
acting in fatty acid β-oxidation, AIM1 and MFP2, contain similar enzymatic domains to
that of IBRs (Zolman et al. 2008). In order to test their possible functions in IBA to IAA
conversion, AIM1 and MFP2 were expressed and purified in the same way (Figure 4-1A).
For recombinant proteins expressed in Arabidopsis, 35SpBARN and 35SFlast
plant transformation vectors that contain the cauliflower mosaic virus 35S promoter were
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used to create 35S-IBRs, which constitutively express tagged IBRs in Arabidopsis (Table
2-6). IBRs were purified based on the nature of the tag and Western blots were used to
detect the accumulation of IBRs in Arabidopsis. (Figure 4-1B).

4.2 In vivo examination of protein activity revealed residues critical for
the conversion
Another way to test the protein activity is to test the importance of domains. For
each protein, several residues have been predicted to be important for catalysis based on
their conservation among enzymatic domains of family members (Zolman et al. 2008;
Zolman et al. 2007). In addition, through bioinformatics, residues in individual domains
that might be important for the post-transcriptional modification, phosphorylation, were
predicted. ibr3, ibr10, and ibr1 mutant phenotypes are compensated completely by WT
cDNA expression (Zolman et al. 2008; Zolman et al. 2007). To examine the requirement
of the predicted residues, alterations were introduced and the ability of the mutated
protein to rescue the mutant phenotypes was tested. If mutant phenotypes were rescued,
the predicted residues are not necessary for function. Otherwise, it means they are
necessary for function.
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Each predicted amino acid was altered to Ala through site-directed mutagenesis.
The altered cDNA was transferred to the 35SpBARN plant transformation vector, which
then was transformed into the specific ibr mutant background. Homozygous transgenic
plants were examined for IBA resistance. Table 4-1 lists the individual mutations for each
IBR protein and their rationales.

Table 4-1. Site-directed mutagenesis for different residues of IBR1, IBR3, and IBR10.
Protein

AA site

Wt

Mutation

Rationale

IBR1

146

S

A

Catalytic triad

IBR1

159

Y

A

Catalytic triad

IBR1

163

K

A

Catalytic triad

IBR10

135

E

A

Putative catalytic site

IBR3

804

G

A

Putative ACAD substrate binding site

IBR3

559

E

A

Putative FAD binding site

IBR1

107

S

A

Putative phosphorylation site

IBR10

145

Y

A

Putative phosphorylation site

IBR10

213

Y

A

Putative phosphorylation site

4.2.1 Mutant complementation with altered IBR proteins display distinctive results
for predicted catalysis residues
For IBR1, three residues, Ser146, Tyr159 and Lys163 are predicted to form a
“catalytic triad”, which is conserved in the Short-Chain Dehydrogenase/Reductase (SDR)
protein family (Zolman et al. 2008). IBR1 with these three residues altered to Ala was
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transformed into ibr1-2 mutant. IBA resistance of homozygous transgenic plants showed
that mutant phenotype was not rescued, indicating that the “catalytic triad” and the SDR
domain are necessary for catalysis (Figure 4-2A). These results suggest that IBR1 has
activity as a dehydrogenase/reductase affecting IBA metabolism.
For IBR10, a conserved Glu135 residue was predicted to be critical for catalysis
(Zolman et al. 2008). Similarly, an E-to-A mutation was introduced and the altered IBR10
was transformed into ibr10-1 mutant. Analysis of IBA responses in homozygous
transgenic plants showed that mutant phenotype was completely rescued, indicating that
disrupting this residue does not affect functions of IBR10 in IBA metabolism (Figure 42B). This result suggests that Glu135 and even the enoyl-CoA hydratase domain are not
necessary for IBR10 catalysis. For confirmation, enzymatic activities of proteins with
individual alterations will be tested in vitro in the future.
In addition to active catalytic sites, substrate and co-factor binding sites are also
critical for catalysis of IBR proteins. FAD is a co-factor for the acyl-CoA dehydrogenase
(ACAD) function of IBR3 in IBA to IAA conversion. Similar alteration was performed to
substitute IBR3 Glu559, which is predicted to be a FAD binding site, to IBR3 Ala559
(Table 4.1). Figure 4-2C shows that expression of the altered IBR3 could not rescue the
IBA resistance phenotype of ibr3-1, suggesting Glu559, and therefore FAD binding,
might be important for IBR3 activity. The requirement of FAD binding site suggests an
oxidation step catalyzed by IBR3, consistent with the proposed IBR3 function as an
oxidase in IBA to IAA conversion. However, expression of IBR3 with alterations on
Gly804, a residue predicated to bind ACAD substrate (Table 4-1), could rescue the IBR
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resistance of ibr3-1 (data not shown), indicating that disruption of this putative ACAD
substrate binding site does not affect functions of IBR3 in the conversion.

4.2.2 IBR10 with alteration on putative phosphorylation site Tyr213 was unable to
rescue IBA resistance of ibr10
Two kinases have been confirmed present in peroxisomes. They are glyoxysomal
protein kinase (GPK1) and Ca2+ activated Ser/Thr protein kinase (CPK1) (Dammann et
al. 2003; Fukao et al. 2003). With the presence of ATP in peroxisomes, phosphorylation
reactions are possible and likely regulate peroxisomal processes. Putative
phosphorylation sites of IBR10 and IBR1 were predicted from PhosPhAt and ExPASy
databases, which provided different results for individual residues (Figure 4-3A). For
instance, the only residue that was highly predicted by both databases is Tyr145 of IBR10.
Others were highly predicted by one but had low probability scores by the other, such as
Tyr213 of IBR10 and Ser107 of IBR1.

Li, Ying, 2019, UMSL, p. 111

Li, Ying, 2019, UMSL, p. 112

These residues were altered to Ala and mutants transformed with altered genes
were tested for IBA resistance. IBR10 with alteration on Tyr145 was able to rescue ibr10
mutant, while IBR10 with alteration on Tyr213 was unable to recue ibr10 mutant (Figure
4-3B and 4-3C). IBR1 with alteration on Ser107 was able to rescue ibr1 mutant (data not
shown). These results suggest that Tyr213 is an important residue for functions of IBR10
in IBA catabolism, probably through a phosphorylation modification. In opposition,
IBR10 Tyr145 and IBR1 Ser107 are not necessary for functions of IBR10 and IBR1,
respectively, in IBA catabolism. It is possible that they are not phosphorylation sites or if
they are, removing their phosphorylation modifications was not enough to affect protein
activities.

4.2.3 Peroxisomal kinase mutants show normal IBA response
The inability of IBR10 (Tyr213Ala) to rescue IBA resistance of ibr10 suggests
that the phosphorylation of IBR10 regulates its function in IBA metabolism. To examine
the potential roles for the two predicted peroxisomal kinases, GPK1 and CPK1 loss of
function mutants were isolated and examined for their sucrose dependence and IBA
resistance. However, neither of them showed sucrose dependence or IBA resistance
(Figure 4-4A; 4-4B). Higher-order mutants were created to test if there is redundancy
between them. Again, no sucrose dependence or IBA resistance was observed in the
higher-order mutants (Figure 4-4C; 4-4D). These results indicate that disruptions in the
potential peroxisomal kinases GPK1 and CPK1 are not able to compromise peroxisomal
processes.
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4.3 IBR10 has dual roles in both IBA to IAA conversion and fatty acid
metabolism
Δ3, Δ2- enoyl CoA isomerases (AtECIs) can function in the metabolism of
unsaturated fatty acid with cis odd-numbered double bond, as well as cis even-numbered
double bond (Figure1-1 and (Goepfert et al. 2008)). IBR10 is also known as AtECI2 in
Arabidopsis; the other two AtECIs, AtECI1 and AtECI3, are encoded by At1g65520 and
At4g14440, respectively (Goepfert et al. 2008). When heterologously expressed, all of
them could restore the ability of the yeast Δeci1 mutant to degrade associated unsaturated
fatty acid (Goepfert et al. 2008).
Neither AtECI1 nor AtECI3 mutants showed altered IBA response as seen in
ibr10-1 mutant (Zolman et al. 2008). AtECI3 is a duplicated gene for IBR10. They locate
closely on chromosome 4 and share 80% identity in amino acid sequence (Zolman et al.
2008). Moreover, AtECI3 lacks a known peroxisomal-targeting signal and has a
cytosolic localization (Goepfert et al. 2008). In fact, AtECI3 was also named as AtHCD1
due to its hydroxyacyl-CoA dehydratase activity (Garcia-Petit et al. 2007). Thus, the
three AtECIs have overlapping but also distinctive functions.
Here I examined the effect of ibr10-1 mutation on fatty acid metabolism through
genetic and biochemical assays. Sucrose dependence assays on ibr10-1 and higher-order
mutants, including ibr10-1mfp2-2 and ibr10-1ech2-1, revealed that IBR10 significantly
contributes to the fatty acid catabolism of Arabidopsis. Metabolic profiling of wild-type,
ech2-1, ibr10-1, and ech2ibr10-1 seedlings revealed that IBR10 lower activity can reduce
substrates supply for ECH2 in auxiliary fatty acid catabolism.
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4.3.1 ibr10 displays reductions in fatty acid metabolism
To examine the importance of IBR10 for fatty acid metabolism, sucrose
dependence was tested. Hypocotyl length of ibr10-1 was significantly reduced when
grown on media without sucrose, although at a mild level compared with mfp2-2 (Figure
4-5A). Notably, without obvious sucrose dependence itself, ibr1-2 enhanced the sucrose
dependence of ibr10-1 in the ibr1-2ibr10-1 double mutant (Figure 4-5A and 4-5B).
Levels of sucrose dependence represent levels of reduction in fatty acid catabolism. Thus,
these results indicate that ibr10-1 has reduced fatty acid catabolism, and this reduction
can be enhanced by ibr1-2 through an unknown mechanism.
Consistent with the single mutant results, when grown on media without sucrose,
ibr10-1mfp2-2 had enhanced reductions in hypocotyl elongation, while ibr1-2mfp2-2 had
comparable reductions in hypocotyl elongation to mfp2-2 (Figure 4-5A). Consequently,
ibr10-1mfp2-2 had the highest fold change of hypocotyl length (0.5% sucrose to no
sucrose) (Figure 4-5B). These results indicate that ibr10-1 enhanced the reduction of
mfp2-2 in fatty acid catabolism, suggesting certain levels of redundancy between IBR10
and MFP2 in fatty acid catabolism.
Notably, ibr10-1mfp2-2 displayed similar IBA resistance to ibr10-1 (Figure 4-5C),
which is different than the reduced IBA resistance observed in ech2-1mfp2-2 (Figure 312). This result indicates that the combination of mfp2-2 does not affect the defect of
ibr10-1 in IBA to IAA conversion.

Li, Ying, 2019, UMSL, p. 117

Li, Ying, 2019, UMSL, p. 118

4.3.2 ibr10 enhances the defect of mfp2-2 on enoyl-CoA hydratase and 3hydroxyacyl-CoA dehydrogenase activities
To characterize the effect of losing IBR10 activity on acyl-CoA oxidase products
in core β-oxidation reactions and explain why ibr10-1mfp2-2 showed enhanced
reductions in fatty acid catabolism, β-oxidation assay was performed on wild type, ibr101, mfp2-2, and ibr10-1mfp2-2 as described in chapter 3. CoA conjugated intermediates
were quantified from β-oxidation reactions using extracts from 3-d-old seedlings with an
acyl-CoA (C18:1, n-9) substrate. Figure 4-5D shows the relative abundance of C18:1 (n-9)
substrate and the resulting 2-trans-enoyl-CoA (C18:2), 3-hydroxyacyl-CoA (C18:1-OH),
3-ketoacyl-CoA (C18:1=O), and acyl-CoA (C16:1) intermediates. Accumulation of 2trans-enoyl-CoA, the MFP2 enoyl-CoA hydratase substrate, was significantly higher in
mfp2-2 than in wild type (~1.5 fold). It is consistent with the result in a previous study
(Rylott et al. 2006). ibr10-1 also accumulated significantly increased 2-trans-enoyl-CoA
than wild type (~1.2 fold). Remarkably, ibr10-1mfp2-2 accumulated the highest level of
2-trans-enoyl-CoA, suggesting a synergistic effect for the defects of mfp2-2 and ibr10-1
in enoyl-CoA hydratase activities.
A similar pattern was observed in the accumulation of 3-hydroxyacyl-CoA. Again,
ibr10-1mfp2-2 accumulated the highest level of 3-hydroxyacyl-CoA, suggesting a
synergistic effect for the defects of mfp2-2 and ibr10-1 in 3-hydroxyacyl-CoA
dehydrogenase activities. Both mfp2-2 and ibr10-1mfp2-2 showed reduced production of
ketoacyl-CoA. Increased upstream substrates coupled with reduced products is evidence
for the multiple functions of MFP2 in enoyl-CoA hydratase and 3-hydroxyacyl-CoA
dehydrogenase activities (Rylott et al. 2006). Even though these results indicate that the
ibr10-1 mutation compromises the following catabolism of acyl-CoA oxidase products,
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the defects are not comparable to that seen in mfp2, suggesting a minor role for IBR10 in
the core β-oxidation pathway. Notably, IBR10 lacks a 3-hydroxyacyl-CoA
dehydrogenase domain homolog to MFP2. It is likely that the ibr10-1 mutation affects 3hydroxyacyl-CoA dehydrogenase activity through an indirect mechanism.

4.3.3 ech2-1 enhances the reduction of ibr10-1 in fatty acid catabolism
As shown in Figure 1-1, as a Δ3, Δ2- enoyl CoA isomerase, IBR10 functions in
the reductase/isomerase pathway, an alternative to ECH2-involved hydratase/epimerase
pathway, to catabolize fatty acid with an even-numbered cis-double bond. To test if this
function is essential for metabolism of plant lipids, sucrose dependence was examined for
ech2-1ibr10-1 combination mutant.
The hypocotyl length of ibr10-1ech2-1 was significantly reduced compared with
either ibr10-1 or ech2-1 when grown on media without sucrose (Figure 4-6A, 4-6B).
Consistently, the fold change of hypocotyl length (with sucrose to without sucrose) of
ech2-1ibr10-1 was higher than that of ech2-1 and ibr10-1 (Figure 4-6C), indicating
increased sucrose dependence and reduction in fatty acid metabolism. The reduction level
was close to that of mfp2-2 and ech2-1mfp2-2 (Figure 4-6B and 4-6C), indicating that the
combined defect in ech2-1ibr10-1 compromised fatty acid metabolism to the similar
extent of mfp2 defect.
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ech2-1ibr10-1 combination mutant compromises both hydratase/epimerase
pathway and reductase/isomerase pathway in catabolism of fatty acid with an evennumbered cis-double bond. These results indicate that ibr10-1 mutation significantly
disrupts the associated catabolism in the background of ech2-1, suggesting a critical role
of IBR10 as Δ3, Δ2- enoyl CoA isomerase in fatty acid catabolism.

4.3.4 ibr10-1 mutation significantly reduces the accumulation of short chain hydroxy
fatty acid in ech2-1
As discussed in chapter 3, IBA resistance of ech2-1 is correlated with the
accumulation levels of short-chain hydroxy fatty acid. IBA resistance of ibr10-1ech2-1
combination mutant was examined to see if there are any alternations in the accumulation
of associate metabolites.
Interestingly, application of 20 µM IBA had no obvious inhibition effect on
hypocotyl elongation of ibr10-1ech2-1, indicating a strong IBA resistance (Figure 4-6D,
E, F). Since ibr10-1 also had a strong IBA resistance, it is possible that the IBA
resistance of ibr10-1ech2-1 originates from ibr10-1. Thus, based on the IBA response, it
is not clear if ibr10-1 mutation can affect the accumulation of short-chain hydroxy fatty
acid in ech2-1.
Fatty acid profiling was performed for wild-type, ech2-1, ibr10-1, and ibr101ech2 seedlings. Figure 4-7 shows that the accumulation of short chain hydroxy fatty acid,
C8:0-OH and C8:1-OH, was significantly reduced in ibr10-1ech2-1 double mutant,
indicating that ibr10-1 mutation caused a reduction in the substrate supply of ECH2
activity.
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This is consistent with the function of IBR10 in catabolism of odd-numbered
unsaturated fatty acid (Figure 1-1C). As both the linoleic acid and linolenic acid have a
Δ9 double bond before the Δ12 double bond, disruption of IBR10 would reduce the
substrates apply for ECH2. Notably, ibr10-1ech2-1 accumulated comparable amount of
acetate to ech2-1 (Figure 4-7), suggesting a broad effect of fatty acid intermediate
accumulation on peroxisomal processes similar to that of ech2-1 (as discussed in chapter
3).
Despite that, ibr10-1 accumulated high levels of long-chain free fatty acid,
including oleic acid, linoleic acid, and linolenic acid, which all have a Δ9 double bond
(Figure 4-7). It is possible that IBR10 low activity blocks catabolism of associated
substrates, which results in a feedback inhibition on catabolism of these fatty acid. This
result indicates that IBR10 low activity significantly disrupts the degradation of
unsaturated fatty acid, consistent with the function of IBR10 in auxiliary β-oxidation
pathway.

4.4 AIM1 is the only multifunctional protein acting in IBA to IAA
conversion
AIM1 and MFP2 are the two multifunctional proteins in Arabidopsis. Disruptions
in either protein display distinctive phenotypes. mfp2 mutants had arrested seedling
establishment indicative of reductions in fatty acid β-oxidation (Rylott et al. 2006). After
seedling development, mfp2 mutants lacked obvious defects in vegetative and
reproductive development. aim1 mutants showed the opposite phenotype, with normal
seedling establishment but abnormal vegetative and reproductive development
(Richmond and Bleecker 1999).

Li, Ying, 2019, UMSL, p. 124

Several molecular and biochemical explanations contribute to the discrepancy
between phenotypes of mfp2 and aim1 mutants. Gene expression profiles of MFP2 and
AIM1 suggest their relevant roles in distinctive developmental stages. MFP2 is expressed
strongly in geminating seeds (Graham 2008), consistent with the function of MFP2 in
fatty acid catabolism, providing energy for seeds to germinate. AIM1 is expressed
strongly in floral organs, especially in stamen filaments and pedals of the mature flower
(Arabidopsis eFP Brower), suggesting the function of AIM1 in inflorescence
development of plants. Consistently, aim1 mutants developed unrecognizable flower
organs, resulting in significantly reduced fertility (Richmond and Bleecker 1999).
Moreover, in vitro substrate preference profiles of MFP2 and AIM1 revealed that the
enoyl-CoA hydratase activity of AIM1 preferred short-chain acyl-CoAs over other acylCoAs (Arent et al. 2010). Dehydrogenase activity of AIM1 was consistently lower than
that of MFP2 on all the acyl-CoA substrates (Arent et al. 2010). Given that long-chain
and very long-chain fatty acid are the major free fatty acid in Arabidopsis (Li-Beisson et
al. 2010), their breakdown is essential in fueling early seedling development. Thus,
multifunctional activities of MFP2 are dominant in fatty acid β-oxidation required for
seedling development.
Another distinction between phenotypes of aim1 mutants and mfp2 mutants is that
only aim1 mutants have altered IBA response (Richmond and Bleecker 1999; Rinaldi et
al. 2016), suggesting an additional role of AIM1 in the β-oxidation of IBA. The present
study is aimed to investigate AIM1 functions in peroxisomal β-oxidation, particularly in
IBA to IAA conversion. Since most aim1 mutants in Col-0 background are infertile,
AIM1RNAi lines with reduced morphological defects were created and phenotypic assays
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were performed. AIM1RNAi lines with significantly reduced gene expression of AIM1
displayed certain levels of IBA resistance. Moreover, enhanced IBA resistance was
detected in multiple combination mutants containing an AIM1RNAi line and an ibr
mutant, indicating genetic interactions between them.

4.4.1 Combination mutants containing aim1 in Ws background and ibr mutants in
Col background have multiple defects in growth and development
aim1 in the Ws accession background was the first aim1 mutant identified and has
been well-characterized (Richmond and Bleecker 1999). kat2kat5 mutant in the same
accession disrupts two of the three 3-ketoacyl-CoA thiolases in Arabidopsis displayed a
similar adult phenotype to aim1, further supporting the importance of β-oxidation in
vegetative and reproductive development (Bussell et al. 2014)). Results from chapter 4.4
revealed the importance of IBA-derived IAA in seed development. To test if addition of
ibr (Col) mutant is able to induce any alterations to the plant morphology and seed
maturation of aim1 (Ws), higher-order mutants were created.
To get enough seeds to perform crossing experiments and the following assays,
aim1 (Ws) were growing under short-day condition to increase fertility (Richmond and
Bleecker 1999). Figure 4-8A shows that the combination of ibr (Col) single mutant
significantly reduced biomass of aim1; the reduction was enhanced in aim1 (Ws) ibr12ibr10-1 (Col) triple mutant, which had half height of aim1 (Ws) and produced short
siliques and very few seeds (Figure 4-8A and data not shown). Progeny of aim1 (Ws) and
aim1 (Ws) ibr10-1 (Col) were examined for IBA resistance. Figure 4-8B shows that aim1
(Ws) ibr10-1 (Col) had increased IBA resistance compared with either parent mutant,
especially when grown on media with IBA concentration as high as 60µM. The enhanced
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IBA resistance is correlated to adult phenotypes of aim1 (Ws) ibr10-1 (Col). These
results indicate that combination of ibr (Col) mutant compromised aim1 (Ws)
development in terms of biomass and reproduction, which might be related to an
enhanced blocking in IBA to IAA conversion.

4.4.2 aim1 mutants in Col background display similar phenotypes to aim1 mutants
in WS background
With the same IBA concentration, root elongation of wild-type Ws seedlings is
less inhibited than that of wild-type Col seedlings (Zolman et al. 2001b), which raises
complexity in analyzing the IBA response for seedlings combining mutants from
different backgrounds. Thus, multiple aim1 T-DNA lines in Col background were
ordered. To test if aim1 mutants in Col background have similar defects as aim1 mutants
in the Ws background, IBA resistance and plant morphology were examined.
As shown in Figure 4-9A, aim1 T-DNA lines Salk_031228 and Salk_067047
have insertions in introns. The others have insertions in exons. To test how the insertions
affect gene expression of AIM1, RT-PCR was performed on 5-d-old seedlings from
confirmed homozygous lines. All the T-DNA lines had almost abolished AIM1
expression except for Salk_122580 (Figure 4-9B). Moreover, the abolished AIM1
expression had no or only mild effects on the expression levels of MFP2 (Figure 4-9B).
These results indicate that T-DNA insertions effectively and specifically disrupt AIM1
gene expression.
Salk_091140, referred as aim1-5 in this work, was used for the downstream
examinations. aim1-5 showed no sucrose dependence (Figure 4-9C), indicating that the
disruption in AIM1 gene expression does not significantly affect fatty acid metabolism.

Li, Ying, 2019, UMSL, p. 127

Similar to aim1 in Ws background, aim1-5 has altered IBA response (Figure 4-9D), as
well as abnormal inflorescence meristems (Figure 4-9E). Even though aim1-5 was able to
develop flowers with recognizable organs at the beginning of reproductive development
(data not shown), very short siliques were produced and no viable seeds were harvested
(Figure 4-9F), indicating defects in pollen and/or gynoecium viability. Thus, reciprocal
crossings were performed between wild type and aim1-5, and the siliques were examined
for development. Figure 4-9G shows that wild-type emasculated inflorescence pollinated
by aim1-5 pollens developed short but healthy siliques, while the reciprocal crossing
developed extremely short siliques, which were unable to produce any viable seeds
(Figure 4-9H). These results indicate that aim1-5 pollen has remained viable, while
aim1-5 gynoecium could not function at all, which likely contributes to the infertility of
aim1-5.

4.4.3 AIM1RNAi lines have altered IBA response but normal adult morphology
As shown in Figure 4-9B, T-DNA insertion of aim1 Salk lines resulted in
abolished AIM1 expression; the infertility of these null mutants raises challenges for
downstream assays. Thus, AIM1RNAi lines in Col accession were created. RT-PCR
assays revealed that both AIM1 and MFP2 gene expression were reduced, even though
the reductions in gene expression of AIM1 were more than that of MFP2 (Figure 4-10B).
This off-target effect might be related to the high similarity between AIM1 and MFP2
gene sequence (Richmond and Bleecker 1999). Notably, AIM1RNAi lines show no
obvious morphologic alterations, indicating that the remaining AIM1 expression is
functional and capable to support adult development (Figure 4-10A).
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AIM1RNAi lines displayed both IBA resistance and sucrose dependence, with
levels generally correlated to the reductions in AIM1 and MFP2 gene expression,
respectively (Figure 4-10B to 4-10D). Since the aim1 T-DNA line only had IBA
resistance phenotype and mfp2-2 only had sucrose dependence phenotype (Figure 4-9C
and 4-9D), it is likely that the IBA resistance and sucrose dependence phenotypes of
AIM1RNAi lines can be attributed to the reduced AIM1 and MFP2 gene expression,
respectively.
The IBA resistance of AIM1RNAi lines had a similar level to that of ibr3-1
(Figure 4-10C). To test if AIM1RNAi lines can enhance the resistance of ibr mutants as
aim1 in Ws background, higher-order mutants were created by crossing AIM1RNAi lines
with different ibr mutants, including ibr1-1, ibr3-1, ibr10-1, and ech2-1. Due to the
different levels of IBA resistance between ibr mutants, different concentrations of IBA
were applied. With the addition of AIM1RNAi, a general enhancement effect on IBA
resistance was observed in multiple ibr mutants, except for ibr10-1(Figure 4-10E and 410F). These results indicate that AIM1RNAi lines can enhance the IBA resistance of ibr
mutants through reducing AIM1 gene expression, further supporting the importance of
AIM1 activities in IBA to IAA conversion.
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4.5 Effects of constitutive expression and tissue-specific expression of
IBR protein on root architecture
More IBA-derived IAA is expected to be produced in IBR overexpressing lines,
which consequently would show increased auxin phenotypes. Thus, when seedlings are
grown in media without hormone, they will develop more lateral roots while their
primary root are short, similar to the wild-type seedlings growing in media with IAA. A
Previous study conducted in our lab showed that when grown on media without hormone,
IBR3 overexpressing lines had significantly increased lateral root density compared with
wild type (data shown in (Spiess 2014)). This result indicates increased production of
IBA-derived IAA and the role of conversion in root induction. Several IBR10 and IBR1
overexpression lines had cDNAs expressed at levels 10-fold higher than that of wild type
(for example, Figure 4-11A). However, their lateral root densities were not increased
(Figure 4-11B). One reason might be IBR3 is predicted to act at the rate-limiting step in
the IBA to IAA conversion. In order to increase IBA to IAA conversion, accumulation of
IBR3 is a prerequisite.
To test this hypothesis and further promote IBA conversion, a HIS-IBR3 MYCIBR1 co-overexpressing vector was created and transformed to Arabidopsis wild-type
plants. Multiple independent HIS-IBR3 MYC-IBR1 co-overexpressing lines were
generated and examined for root development. Compared with transgenic lines
overexpressing IBR3, co-overexpressing lines showed significantly reduced primary root
elongation and increased lateral root densities (Figure 4-11C~E). These phenotypes
indicate higher levels of endogenous IAA, probably resulting from overexpressed IBR1
and IBR3. The upregulated expression levels of HIS-IBR3 and MYC-IBR1 were
confirmed by real-time reverse transcription-PCR (RT-PCR) assay (Figure 4-12A).
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Notably, overexpression of IBR1 and IBR3 does not alter expression levels of IBR10 in
the transgenic lines (Figure 4-12B), indicating that producing more IBA-derived IAA
does not require elevated levels of IBR10 expression.
The higher lateral root density of IBR3 overexpression lines and IBR1 plus IBR3
co-overexpressing lines indicate the role of IBA-derived IAA in root induction. However,
lateral root induction always co-occurs with primary root elongation inhibition, which
may compromise the ability of root system to access deep water under draught conditions.
To separate the effect of IBA-derived IAA on lateral root promotion and primary root
inhibition, transgenic lines expressing IBR3 under lateral root-specific promoters GLV2
and EXP14 were created and examined for root development (Fernandez et al. 2013; Lee
et al. 2013). Previous study showed that ibr3-1 produced fewer lateral roots than wild
type when grown on media without IBA (Zolman et al. 2007); this reduction was
enhanced when exogenous IBA was applied (Figure 4-13). Remarkably, when grown
with IBA, ibr3-1 seedlings with lateral root-specific expression of IBR3 displayed
comparable lateral root density to wild type, while their primary root elongation stayed
close to ibr3-1(Figure 4-13). This result suggests that lateral root-specific expression of
IBR3 induces root branching without affecting primary root elongation.
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4.6 Characterization of ibr3ibr1ibr10ech2ped1 reveals importance of
IBA-derived IAA in seeds development
To examine the role of PED1 in IBA to IAA conversion, the quintuple mutant
ibr3ibr1ibr10ech2ped1 was created. The quintuple mutant was created by crossing
quadruple mutant ibr3ibr1ibr10ech2 to ped1mutant. The F1 progeny was crossed to
ibr3ibr1ibr10ech2 again and a plant homozygous in ibr3, ibr1, ibr10, and ech2 but
heterozygous in ped1 was obtained. Three quintuple mutants were isolated from 60
seedlings of the segregating progeny, which is far less than expected (1 out 4), suggesting
embryonic developmental defects of the quintuple mutant. Developing siliques were
collected and tested for seed morphology. Remarkably, about 30-50% of seeds were
aborted in the quintuple mutant, while wild type and the quadruple mutant showed no
seed abnormalities and the single ped1 mutant showed very few aborted seeds (Figure 414A). In addition, weight measurements of dry seeds with normal shape showed that seed
weight of the quintuple mutant was significantly decreased (Figure 4-14B), further
supporting the embryonic developmental defects. Apart from that, adult quintuple mutant
showed similar morphology to the quadruple mutant.
The importance of fatty acid β-oxidation in embryonic development has been
reported. Removal of both AIM1 and MFP2 activities resulted in embryonic lethality
(Rylott et al. 2006). In addition, kat2-1, another allele of ped1, exhibited embryo abortion
in developing siliques, consistent with the observation in ped1 mutant (Footitt et al. 2007).
It is possible that the embryonic developmental defects of ped1 have been enhanced by
the combination of IBA to IAA conversion defects, suggesting the role of IBA to IAA
conversion in embryonic development.
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4.7 Discussion
IAA metabolism largely affects IAA levels and, therefore, IAA responses.
Investigation of how IAA is stored and how the storage forms are converted back to IAA
will improve our understanding of IAA metabolism. In this work, I focused on examining
functions of proteins predicted to act in IBA to IAA conversion through molecular and
biochemical strategies. Among these proteins, some were predicted to exclusively act in
the β-oxidation of IBA, such as IBR1 and IBR3, which have no sucrose dependence and
no obvious adult phenotypes (Zolman et al. 2007; Zolman et al. 2008). Other proteins,
such as IBR10, was biochemically characterized to function in fatty acid β-oxidation as a
Δ3, Δ2- enoyl CoA isomerase, and AIM1, was indispensable for all kinds of β-oxidation
(Zolman et al. 2001b; Rylott et al. 2006; Delker et al. 2007; Xu et al. 2017). Thus, many
peroxisomal proteins are functioning in more than one process, and this study will help to
understand the timing, regulation and flux of peroxisomal processes.
Requirements of individual domains for protein activities in IBA to IAA conversion
are evident
Forward genetics has identified many mutants with altered IBA response; proteins
encoded by the mutated genes were predicted to at in IBA to IAA conversion based on
their enzymatic domains (Zolman et al. 2007; Zolman et al. 2008; Strader et al. 2011).
Through bioinformatics, individual residues were predicted to be important for enzymatic
activities of these proteins. The predicted residues are divided into two categories:
residues important for catalysis, and residues important for phosphorylation (table 4-1).
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In this study, I tested the importance of these residues for protein activities in the
IBA to IAA conversion through in vivo complementation. The catalytic triad of IBR1
protein was indispensable for function of IBR1 in the conversion based on the fact that
IBR1 with alterations in the three residues forming the catalytic triad could not rescue the
IBA resistance of ibr1-2 (Figure 4-2A). Moreover, the failed complementation of ibr31by IBR3 with an altered Glu559 indicated that this predicted FAD binding residue is
critical for function of IBR3 in the conversion (Figure 4-2C). These results provide
evidence supporting the predicted enzymatic activities of IBR1 and IBR3 in the βoxidation of IBA.
However, different results were observed for IBR10Glu135 and IBR3Gly804,
which were predicted to be the catalytic site for IBR10 and the putative ACAD substrate
binding site for IBR3, respectively. Alteration in either residue was able to rescue IBA
resistance of corresponding mutant (Figure 4-2B and data not shown). This discrepancy
might be due to two potential reasons. Firstly, there might be other residues having
redundant or contributing functions with the predicted ones. Thus, inducing only one
alteration was not sufficient to disrupt protein activities in the conversion. Secondly, the
prediction was performed by identifying conserved residues that have been characterized
in other members of the protein family. Some of these family proteins are from other
species and/or use acyl-CoA intermediates as substrates. However, IBA-CoA and acylCoA have different structures. Thus, it is possible that the predicted ACAD substrate
binding site is not an IBA-CoA binding site for the oxidase activity of IBR3. Advanced
bioinformatics analysis or investigation of IBR protein crystal structures will help to
obtain a more precise prediction of the individual residues function.
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The in vivo complementation result of IBR10Tyr213 suggests the presence of
phosphorylation regulation and its importance for IBR10 activities in IBA to IAA
conversion (Figure 4-3). However, loss of function mutants of the putative peroxisomal
kinases GPK1 and CPK1 showed neither IBA resistance nor sucrose dependence (Figure
4-4), suggesting that these two kinases have no activity on IBR10. Given that
peroxisomal proteins are imported post-translationally, it is possible that phosphorylation
of IBR proteins occurs in cytosol. Thus, disruptions in peroxisomal kinases are not able
to affect the phosphorylated state of IBR proteins and their activities in IBA β-oxidation
consequently.
IBR10 is an important Δ3, Δ2- enoyl CoA isomerase for fatty acid catabolism
Proteins conferring auxiliary enzyme activities in fatty acid β-oxidation are
difficult to be identified through forward genetics. One reason is that an auxiliary enzyme
activity might contribute to the multiple functions of one protein; plants with disruptions
in this multifunctional protein may only display phenotypes related to other major
activities. For instance, MFP2 was suggested to possess the auxiliary 3-hydroxyacyl-CoA
epimerase activity (reviewed in (Graham 2008)). However, the high sucrose dependence
level of mfp2 mutants is attributed to the major function of MFP2 in fatty acid core βoxidation (Rylott et al. 2006). Another reason is that there might be other proteins with
redundant auxiliary activities or even functioning in alternative pathways to catabolize
same substrates. Thus, disruption of one auxiliary protein does not cause obvious
phenotypes in plants. Due to these reasons, IBR10 and ECH2, which have respective
auxiliary Δ3, Δ2- enoyl CoA isomerase activity and enoyl-CoA activity in fatty acid β-
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oxidation, were identified by homology searches combined with peroxisomal targeting
signal prediction (Goepfert et al. 2006; Goepfert et al. 2008).
Unlike mfp2 and ped1, ibr10 only displayed mild sucrose dependence (Figure 45), indicating that disruption in IBR10 only caused a low level of reduction in fatty acid
metabolism. Moreover, IBR10 and ECH2 act in two alternative pathways in the
catabolism of fatty acid with an even-numbered cis double bond, but only ibr10ech2
showed dramatic sucrose dependence (Figure 4-6). Combining these results, it is likely
that the ECH2-invloved pathway come up to compensate the defect of ibr10 in the
catabolism of fatty acid with an even-numbered cis double bond. When ECH2 and
IBR10 are both disrupted, as in ibr10ech2 double mutant, this catabolism is significantly
reduced. Thus, the importance of IBR10 as a Δ3, Δ2- enoyl CoA isomerase in the
catabolism of fatty acid with an even-numbered cis double bond is apparent. Future
mutant analysis on higher-order mutants defective in ECH2 and either of the other two Δ3,
Δ2- enoyl CoA isomerases is necessary to determine if they are functioning equally with
IBR10 in the catabolism of fatty acid with even-numbered cis double bond.
The enoyl-CoA hydratase activity of IBR10 in IBA to IAA conversion is debatable
Previous study hypothesized that IBR10 acts at the enoyl-CoA hydratase step for
the β-oxidation of IBA based on the presence of an enoyl-CoA hydratase domain
(Zolman et al. 2008). However, the hypothesis still requires testing because IBR10 might
have no enoyl-CoA hydratase activity. Multiple alignment between IBR10 and other
proteins harboring enoyl-CoA hydratase domains revealed that IBR10 lacks the second
conserved glutamate that is critical for hydratase activity (Goepfert et al. 2008). in vitro
activity measurement did not detect any hydratase activity in IBR10 (Goepfert et al.
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2008). The absence of enoyl-CoA hydratase activity in IBR10 is also supported to some
extent in this work. Results of β-oxidation assays revealed defects of ibr10 in both enoylCoA hydratase and 3-hydroxyacyl-CoA dehydrogenase activities on acyl-CoA substrates
(Figure 4-5). If IBR10 has the enoyl-CoA hydratase activity, we would expect that ibr10
only shows defects in enoyl-CoA hydratase activity, and only enhances defects of mfp2 in
enoyl-CoA hydratase activity. That fact that both activities of mfp2 were affected
suggests that ibr10 enhanced mfp2 defects through other mechanisms.
The evidence mentioned above suggests that IBR10 has no enoyl-CoA hydratase
activity on acyl-CoA intermediates. Argument about the enoyl-CoA hydratase activity of
IBR10 on oxidized IBA-CoA intermediate remains. Due to the difference of acyl-CoA
and IBA-CoA in structure, it is attempting to hypothesize that the one reserved glutamate
might form an active catalytic site with another conserved acidic residue (Asp120, which
has the highest mutation sensitivity predicted by Phyre2 investigator) for the hydratase
activity. However, the ibr10 mutant used in this study is a deletion mutant that removes
26 amino acids in the N terminus of protein but leaves the C terminus in frame, which
includes the conserved glutamate residue and Asp120 (Zolman et al. 2008). It is possible
that the ibr10 protein still has a functional enoyl-CoA hydratase activity. Moreover, when
the conserved glutamate in IBR10 was substituted by alanine, the altered IBR10 was still
able to rescue the IBA resistance of ibr10 (Figure 4-2B). Taken together, these results
support the hypothesis that IBR10 influences IBA to IAA conversion through
mechanisms other than hydratase activity.
A new hypothesis about functions of IBR10 in IBA to IAA conversion is proposed
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As an auxiliary enzyme, IBR10 functions downstream of MFP2 and PED1 in
fatty acid β-oxidation (Figure 1-1). However, ibr10mfp2 showed similar IBA resistance
to that of ibr10 (Figure 4-5C). This result suggests that unlike ech2, the accumulated
IBR10 fatty acid substrates, if any, in ibr10 have no effects on IBA catabolism. Moreover,
as discussed in chapter 3, there is a correlation between the accumulation of short-chain
hydroxy fatty acid and IBA resistance. Notably, ibr10ech2 had comparable IBA
resistance to both ibr10 and ech2 (Figure 4-6D to Figure 4-6F), despite that the
accumulation of short-chain hydroxy fatty acid was reduced. This result suggests an
absolute IBA resistance for ibr10, with no direct connection to the short-chain hydroxy
fatty acid accumulation. Combining these results, a direct function of IBR10 in IBA to
IAA conversion can be implied but remains to be tested directly.
If IBR10 has a direct function in the β-oxidation of IBA, this function is likely
through its Δ3, Δ2- enoyl CoA isomerase activity. Based on that, figure 4-15 proposes
how IBR10 functions in the β-oxidation of IBA. In the indole group of IBA, the double
bond that is most close to CoA attachment is regarded as an odd-numbered double bond
in IBA sidechain. Thus, Δ3, Δ2- enoyl CoA isomerase activity of IBR10 can use the
oxidized IBA-CoA as a substrate, similar to its function in the catabolism of fatty acid
with odd-numbered double bonds (Figure 1-1).
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AIM1 might be the only enoyl-CoA hydratase for IBA β-oxidation
Results in chapter 3 exclude the possibility of ECH2 directly acting as an enoylCoA hydratase for the β-oxidation of IBA. As discussed above, IBR10 might function as
a Δ3, Δ2- enoyl CoA isomerase in the IBA catabolism. Thus, currently, the only possible
enoyl-CoA hydratase for IBA to IAA conversion is AIM1. AIM1 is involved in multiple
peroxisomal β-oxidation reactions. Particularly, compared with MFP2, the hydratase
activity of AIM1 has a preference for short-chain acyl-CoAs. Given that IBA-CoA only
has 4 carbons in its side chain, it is possible that AIM1confers its hydratase activity on
the enoyl-IBA-CoA. Consistently, aim1 mutants have altered IBA response in both Ws
and Col background (Figure 4-9).
AIM1RNAi lines were generated to create transgenic plants with reduced AIM1
gene expressions. None of them showed any obvious defects in inflorescence
development, indicating that the remaining gene expression is sufficient to support the
inflorescence development (Figure 4-10A). AIM1RNAi lines had both IBA resistance and
sucrose dependence, the later one is due to the off-target effects on MFP2 (Figure 4-10B).
As the double mutants combining aim1 and mfp2 T-DNA lines are lethal (Rylott et al.
2006), these AIM1RNAi lines can serve as a new set of aim1mfp2 double mutants for
downstream analysis. The differential levels of IBA resistance and sucrose dependence
within the AIM1RNAi lines suggest a correlation between gene expression reductions and
seedling phenotypes (Figure 4-10). To elucidate why these lines have no obvious defects
in inflorescence development, future examination on the expression levels of AIM1 and
MFP2 in total inflorescence or individual reproductive organs are necessary.
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Notably, AIM1RNAi lines displayed a general enhancement effect on the IBA
resistance of ibr mutants, including ibr1, ibr3, and ech2. Since AIM1 was predicted to
function downstream of IBR3, the enhanced IBA resistance of AIM1RNAi lines in ibr3
background cannot be due to an increased disruption in biochemical activities. Thus, we
can conclude that that IBA to IAA conversion is also affected by other defects of
AIM1RNAi lines.
Upregulated IBR3 is essential to promote IBA-derived IAA levels
Given the effects of IAA in promoting lateral root formation and inhibiting
primary root elongation, lateral root density, which is calculated by dividing lateral root
number by primary root length of each root, has been used as one indicator of
endogenous IAA activity in plants (Zolman et al. 2008; Strader et al. 2011). The lateral
root density value is correlated to the endogenous IAA level. For instance, a significantly
reduced lateral root density was observed in ibr1ibr3ibr10ech2 quadruple mutant, which
had a reduced endogenous IAA level (Figure 4-11B and (Strader et al. 2011)).
Among transgenic plants overexpressing different IBR proteins, only IBR3
overexpressing lines displayed increased lateral root density, suggesting increased
production of IBA-derived IAA (Figure 4-11B). IBR3 is predicted to act on the first βoxidation step of IBA-CoA, which is also predicted to be the rate-limiting step. Since no
obvious inhibition was observed in the primary root elongation, the increased lateral root
density is likely attributed to the increased lateral root number (Figure 4-11C). Thus, this
result also suggests that lateral roots are more sensitive to a mild increased IBA-derived
IAA level than primary root. Notably, when overexpression of IBR1 was combined, the
lateral root density was enhanced further (Figure 4-11C). These co-overexpressing lines

Li, Ying, 2019, UMSL, p. 148

had short and bushy roots, resembling seedlings grown on media with IAA. These results
strongly suggest that overexpressing IBR3 and IBR1 can promote the usage of stored IBA,
and produce the necessary levels of IAA to actively induce root branching. IBR10 and/or
AIM1 were predicted to act downstream of IBR3 and upstream of IBR1 in the conversion.
However, gene expression levels of IBR10 and AIM1 were not upregulated accordingly
(Figure 4-12A). This result indicates that overexpression of IBR10 and AIM1 is not
required to produce more IBA-derived IAA.
The lateral root-specific expression of IBR3 successfully restored the response of
ibr3-1 to the induction effect of IBA on lateral root formation (Figure 4-13). This
restoration was only observed in ibr3-1 plants transformed with pEXP14::IBR3 but not
pGLV2::IBR3 vector, suggesting that the EXP14 promoter is a better lateral root
expression promoter. Notably, these transgenic plants displayed comparable primary root
length to that of ibr3-1 when grown on media with IBA (Figure 4-13D), which makes it
possible to create field plants that have numerous lateral roots along with relatively long
primary roots under IBA conditions. They are of importance in both horticulture and
agriculture given that longer primary roots are more likely to get deep water in drought.
Thus, the lateral root-specific expression of IBR3 in ibr3-1 background can guide the
generation of genetic modified plants with increased drought resistance under IBA
conditions.
Perspectives
In this chapter, I investigated proteins with predicted enzymatic activities in IBA
to IAA conversion. In vivo complementation experiments and mutants analysis on
transgenic plants overexpressing IBR1 and IBR3 provide evidence suggesting direct
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biochemical activities of IBR1 and IBR3 in the IBA catabolism. Moreover, results of
ibr10 mutant complementation and β-oxidation assays are controversial to the
hypothesized enoyl-CoA hydratase activity of IBR10 in IBA to IAA conversion. Thus,
IBR10 functions as a Δ3, Δ2- enoyl CoA isomerase on IBA-CoA substrates was proposed,
which leads to a hypothesis that AIM1 might be the only enoyl-CoA hydratase in IBA to
IAA conversion.
To further characterize the proteins with altered IBA response in mutants, future
experiments will focus on examining their enzymatic activities on IBA-CoA substrates in
vitro. Moreover, metabolic analysis of catabolic intermediates for individual mutants is
necessary to provide more information about how these proteins functions in vivo. These
experiments will connect genetic evidence with biochemical activities, and shed light on
the genetic interactions and biochemical interactions between IBA β-oxidation and other
peroxisomal processes.
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Chapter 5: Discussion
Peroxisomes are multifunctional organelles essential for plant growth and
development. Peroxisomes hold β-oxidation reactions to catabolize fatty acid and
signaling molecules precursors. Metabolic intermediates and products from fatty acid
catabolism are used for carbohydrate synthesis as well as energy production, which fuels
seeds germination and seedling establishment before photosynthesis. Signaling molecules,
including IAA, JA, and SA, are coordinated to direct cell division and elongation, and
modulate response of plant to various biotic and abiotic stresses.
Multiple approaches, such as forward genetics, homology searches, and
peroxisomal targeting signal prediction, have been employed to identify proteins
conferring enzyme activities for these peroxisomal functions (Goepfert et al. 2008;
Goepfert et al. 2006). However, many proteins have not been biochemically characterized
and their functions in individual pathways are puzzles. For instance, AIM1 and MFP2 are
multifunctional proteins conferring enoyl-CoA hydratase and 3-hydroxyacyl-CoA
dehydrogenase activity for fatty acid β-oxidation (Rylott et al. 2006; Arent et al. 2010).
The potential 3-hydroxyacyl-CoA epimerase activity of MFP2 and the ubiquitous
function of AIM1 in β-oxidation indicate that they not only have multiple activities but
also can function on intermediates from multiple pathways (Hu et al. 2012; Graham
2008). Identification of mutants with altered IBA response throws more complexity to
this situation, because many mutated proteins, including ECH2, IBR10, AIM1, and PED1,
had characterized activities in other peroxisomal pathways (Zolman et al. 2001b; Zolman
et al. 2008; Strader et al. 2011). Here, this study combined mutant analysis and metabolic
profiling to provide additional insights into the functions of individual peroxisomal
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proteins, trying to understand how these peroxisomal pathways are coordinated to
regulate plant growth and development, and how one peroxisomal defect compromises
the entire spectrum of peroxisomal functions.
ECH2 and IBR10 are two proteins with auxiliary enzyme activities in fatty acid βoxidation. The biological importance of their functions in fatty acid catabolism were
overlooked since ech2 and ibr10 displayed none and very mild sucrose dependence,
respectively (Zolman et al. 2008; Strader et al. 2011). On the contrary, both ech2 and
ibr10 had dramatic altered IBA response, and ECH2 and IBR10 were suggested to
function in IBA catabolism (Zolman et al. 2008; Strader et al. 2011). Moreover, ech2 had
unique seedling phenotypes, including small cotyledon and short root length (Figure 3-1).
The small cotyledon caused by reduced cell expansion resembles that in ibr1ibr3ibr10, a
triple mutant in IBA to IAA conversion (Strader et al. 2010). Thus, ech2 defects was
regarded as auxin defects (Strader et al. 2011; Katano et al. 2016). Although proteins
were expressed and purified from either Arabidopsis or bacteria, in vitro enzyme assays
to examine their enzymatic activities on IBA-CoA intermediates were discontinued due
to the absence of stable substrates. Alternatively, I created higher-order mutants with
different combinations, trying to further explore their functions through examining
genetic interactions between different defects.
Results of higher-order mutant analysis are quite controversial to the predicted
function of ECH2 in IBA catabolism. ech2mfp2 had reduced IBA resistance and seedling
development defects compared with ech2 (Figure 3-10, and 3-12). The suppressed IBA
resistance excludes the potential redundancy between the enoyl-CoA activities of ECH2
and MFP2 in IBA catabolism. Given that application of sucrose or auxin was not able to
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rescue ech2 phenotypes (Figure 3-4 and 3-5), ech2 defects are likely attributed to toxic
effects of intermediates accumulation. Metabolic profiling for wild-type, ech2, mfp2, and
ech2mfp2 seedlings proved this hypothesis. This accumulation of short-chain hydroxy
fatty acids is consistent with the functions of ECH2 in the catabolism of fatty acid with
even-numbered cis double bond. The accumulation was not observed in Wt or mfp2, and
dramatically reduced in ech2mpf2 (Figure 3-14), which is consistent with the upstream
function of MFP2 in core β-oxidation (Figure 1-1). That is, MFP2 loss-of-function
resulted in reduced supply of ECH2 substrates, and reduced intermediates accumulation
in ech2 consequently. The further mutant analysis and fatty acid profiling on
ech2lacs6lacs7, which combines defects in fatty acid-CoA synthesis, revealed that ech2
defects were attributed to the accumulation of short-chain hydroxy acids as well as verylong chain fatty acid (Figure 3-17). The correlation between the level of IBA resistance
and short-chain hydroxy fatty acid accumulation suggests that ech2 affects IBA
catabolism through accumulation of fatty acid intermediates. Consistently, wild-type
seedlings treated with C8:0 (3-OH), one of the accumulated short-chain hydroxy fatty
acid, phenocopied ech2 in both seedling development and IBA resistance (Figure 3-22).
Taken together, these results indicate that ech2 affects seedling growth through toxic
effects of accumulated fatty acid intermediates, which also compromise IBA catabolism
through an unknown mechanism.
As a Δ3, Δ2-enoyl-CoA isomerase, IBR10 can function in the reductase/isomerase
pathway, which is alternative to ECH2-involved hydratase/epimerase pathway, to
catabolize unsaturated fatty acid with an even-numbered cis double bond, including
linoleic acid and linolenic acid (Figure 1-1B). Both fatty acid have an upstream odd-
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double bond at Δ9, which also requires Δ3, Δ2-enoyl-CoA isomerases for catabolism
(Figure 1-1C). The enhanced sucrose dependence in ech2ibr10 suggests that IBR10envolved reductase/isomerase pathway contributes significantly to the catabolism of
unsaturated fatty acid with an even-numbered cis double bond (Figure 4-10A). In
addition, the reduced accumulation of short-chain hydroxy fatty acid in ech2ibr10
revealed a reduced substrates supply due to the disrupted Δ3, Δ2-enoyl-CoA isomerase
activity for the catabolism of upstream odd-double bond (Figure 4-11). All these results
indicate that IBR10 is an important Δ3, Δ2-enoyl-CoA isomerase for fatty acid catabolism.
MFP2 functions upstream of IBR10 in fatty acid catabolism (Figure 1-1B and 11C). MFP2 loss-of-function can result in reduced substrate supply for IBR10. Thus, the
unaltered IBA resistance in ibr10mfp2 suggests that defects of ibr10 in IBA catabolism
are not related to its defects in fatty acid catabolism. However, the ability of IBR10 with
an alteration in the conserved glutamate residue, which is essential for hydratase activity,
to restore the sensitivity of ibr10 to exogenous IBA is contradictory to the predicted
function of IBR10 as an enoyl-CoA hydratase for IBA catabolism (Figure 4-2B). In
addition, IBR10 showed no enoyl-CoA hydratase activity for acyl-CoA substrates
(Goepfert et al. 2008). Thus, the enoyl-CoA hydratase activity of IBR10 is debated. By
assuming one of the double bond in the IBA indole group as an odd-numbered sidechain
double bond, I hypothesize that IBR10 functions in IBA catabolism through its wellcharacterized Δ3, Δ2-enoyl-CoA isomerase activity (Figure 4-15).
Studies on ech2 or ibr10-included higher-order mutants suggest that neither
ECH2 nor IBR10 is the enoyl-CoA hydratase for IBA catabolism. Thus, AIM1 might be
the only enoyl-CoA hydratase for IBA catabolism. AIM1RNAi lines showed differential
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IBA resistance correlated to the reduced AIM1 expression levels (Figure 4-14B and 414C). Moreover, AIM1RNAi lines enhanced IBA resistance of ibr1 and ibr3 (Figure 414E and 4-14F). Since IBR1, IBR3, and AIM1 were predicted to function at different
steps for IBA catabolism (Zolman et al. 2007; Zolman et al. 2008), this enhancement
revealed an indirect effect of reduced AIM1 expression on IBA catabolism in ibr1 and
ibr3.
To further characterize the functions of individual proteins, and investigate how
they modulate multiple pathways in peroxisomes, future determination of their enzymatic
activities on various substrates are necessary. As mentioned above, in vitro enzyme
assays to test activities of proteins on IBA-CoA substrates were challenging due to the
absence of stable IBA-CoA. Recently, a novel IBA-resistant mutant was identified, with
encoding mutation disrupting LACS4, a long-chain acyl-CoA synthetase (unpublished
data in the lab). If the potential IBA-CoA synthetase activity of LACS4 can be
characterized in vitro, future studies will focus on determining enzymatic activities of
downstream proteins, including IBR3, AIM1/IBR10, IBR1, and PED1, on in situ
synthesized IBA-CoA intermediates sequentially. Extra biochemical evidence can be
provided by profiling IBA-CoA intermediates for individual mutants with IBA resistance.
Different mutants are expected to accumulate different intermediates and/or their
hydrolysis products corresponding to the predicted functions of proteins.
As discussed in chapter 3, a possible mechanism that ech2 affects IBA to IAA
conversion is through upregulating peroxisomal acyl-CoA thioesterases. To test this
hypothesis, gene expression levels of ACH2, which was biochemically characterized with
acyl-CoA thioesterase activity in Arabidopsis (Tilton et al. 2004), can be determined to
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see if they are upregulated in ech2 seedlings. Similar assays can be performed for wildtype seedlings treated with C8:0 (3-OH), which showed altered IBA response similar
ech2 (Figure 3-22). Moreover, to examine how ECH2 low activity affects acyl-CoA
thioesterase activity, LC-MS-based enzymatic assays can be performed by incubating
seedlings extract with different acyl-CoAs, and measuring the produced free CoA (Tilton
et al. 2004). If increased free CoA is produced from assays using ech2 seedlings extract,
an upregulated acyl-CoA thioesterase activity is suggested.
If IBR10 functions in IBA catabolism as a Δ3, Δ2-enoyl-CoA isomerase, ∆3,5,
∆2,4-dienoyl-CoA isomerase (DCI) and ∆2, ∆4 dienoyl-CoA reductase (DECR) are also
required for the β-oxidation of IBA (Figure 4-15). Thus, mutant assays can be performed
on dci and decr mutants to see if they have altered IBA response. If yes, the function of
IBR10 as a Δ3, Δ2-enoyl-CoA isomerase, but not an enoyl-CoA hydratase, for IBA
catabolism will be strongly supported. Otherwise, the function of IBR10 in IBA
catabolism is still a puzzle.
Taken together, this work established the biological importance of ECH2 and
IBR10 in auxiliary fatty acid β-oxidation. Moreover, the role of β-oxidation intermediates
was revealed in the crosstalk between peroxisomal pathways during seedling
development. Future work proposed above could reveal functions of individual proteins
in various processes, and how peroxisomal defects in one peroxisomal pathway affect
other peroxisomal pathways. Eventually, we will gain more insight about the timing,
regulation, and flux of peroxisomal processes, and their importance in plant growth and
development.
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